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1990  AWARD  WINNERS 


The  Cady  Award 

The  Cady  Award  was  presented  to  John  R.  Vig,  U.  S.  Army  Electronics  Technology  and 
Devices  Laboratory,  "for  outstanding  contributions  to  the  development  of  improved  quartz  crystals  and 
processing  techniques,  significantly  advancing  the  field  of  precision  frequency  control  and  timing." 

The  award  was  presented  by  John  A.  Kusters,  Hewlett  Packard  Co. 

The  Raby  Award 

The  Rabi  Award  was  presented  to  Claude  Audoin  "for  original  contributions  to  the  theoretical 
and  experimental  foundations  of  microwave  frequency  standards  and  their  metrology."  The  award  was 
presented  by  Jacques  Vanier,  National  Research  Council,  Canada. 

The  Sawyer  Award 

The  Sawyer  Award  was  presented  to  William  H.  Horton,  Piezo  Technology,  Inc.,  "For 
technical  and  industrial  leadership  in  the  development  and  manufacture  of  quartz  crystals,  filters,  and 
oscillators."  The  award  was  presented  by  Gary  R.  Johnson,  Sawyer  Research  Products,  Inc. 


John  R.  Vig,  Cady  Award  winner;  Claude  Audoin,  Rabi  Award  winner,  and 
William  H.  Horton,  Sawyer  Award  winner;  after  the  award  presentations. 
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NOBEL  SESSION 


The  44th  Annual  Symposium  on  Frequency  Control  featured  a  special  session  honoring  the 
recipients  of  the  1989  Nobel  Prize  in  physics:  Professors  Norman  F.  Ramsey  of  Harvard  University, 
Hans  G.  Dehmelt  of  the  University  of  Washington,  and  Wolfgang  Paul  of  the  University  of  Bonn. 
Two  of  the  three  laureates  presented  papers.  (Prof.  Paul  was  unable  to  attend  the  Symposium.)  Prof. 
Ramsey  gave  an  historically  rooted  account  of  experiments  with  separated  oscillatory  fields  and 
hydrogen  masers,  and  Prof.  Dehmelt  provided  a  visionar_,  discussion  of  experiments  with  an  isolated 
subatomic  particle  at  rest.  This  session  was  a  highlight  of  the  Symposium.  It  offered  a  collegial 
interaction  among  those  who  built  the  foundations  for  today’s  atomic  clocks  and  those  who 
continue  the  research  toward  tomorrow’s  exotic  quantum  electronic  frequency  and  time  standards, 
which  will  probably  rely  on  single  particles  at  rest,  in  free  space,  unperturbed  by  collisions  or  fields. 


Professors  Norman  F.  Ramsey  and  Hans  G.  Dehmelt  at  the  Nobel  Session  held  in  their  honor. 
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FORTY - FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


EXPERIMENTS  WITH  SEPARATED  OSCILLATORY  HELDS  AND 
HYDROGEN  MASERS 


Norman  F. Ramsey 


Lyman  Laboratory  of  Physics,  Harvard  University 
Cambridge,  Massachusetts,  USA 


Abstract 

Descriptions  are  given  of  the  methods  of  separated 
and  successive  oscillatory  fields  and  of  the  atomic  hydrogen 
maser.  Their  applicadons  to  precision  spectroscopy  of 
atoms  and  molecules  are  discussed  along  with  specific 
examples  of  fundamental  measurements  best  made  with  such 
devices.  The  applications  of  these  methods  to  atomic  clocks 
are  discussed.  A  discussion  is  also  given  of  fundamental 
experiments  which  require  highly  stable  clocks. 


The  Method  of  Successive  Oscillatory  Fields 

In  the  summer  of  1937  following  two  years  at 
Cambridge  University,  I  went  to  Columbia  University  to  work 
with  I.  I.  Rabi.  After  I  had  been  there  only  a  few  months, 
Rabi  invented  the  molecular  beam  magnetic  resonance 
method  so  I  had  the  great  good  fortune  to  be  the  only  graduate 
student  to  work  with  Rabi  and  his  colleagues1  *2  on  one  of  the 
first  two  experiments  to  develop  and  utilize  magnetic 
resonance  spectroscopy,  for  which  Rabi  received  the  1944 
Nobel  Prize  in  Physics. 

By  1949,  I  had  moved  to  Harvard  University  and  was 
looking  for  a  way  to  make  more  accurate  measurements  than 
were  possible  with  the  Rabi  method  and  in  so  doing  I  invented 
the  method  of  separated  oscillatory  fields.3-6.  In  this  method 
the  single  oscillatory  magnetic  field  in  the  center  of  the  Rabi 
device  is  replaced  by  two  oscillatory  fields,  one  at  the  entrance 
and  one  at  the  exit  of  the  space  in  which  the  properties  of  the 
atoms  or  molecules  are  studied.  As  I  will  discuss,  the 
separated  oscillatory  fields  method  has  many  advantages  over 
the  single  oscillatory  field  method  and  in  subsequent  years  it 
has  been  extended  to  many  experiments  beyond  those  of 
molecular  beam  magnetic  resonance. 

Let  me  now  review  the  successive  oscillatory  field 
method,  particularly  in  its  original  and  easiest  to  explain 
application  -  the  measurement  of  nuclear  magnetic  moments. 
The  extension  to  more  general  cases  is  then  straightforward. 

The  method  was  initially  an  improvement  on  Rabi's 
resonance  method  for  measuring  nuclear  magnetic  moments, 
whose  principles  are  illustrated  schematically  in  Figure  1. 
Consider  a  classical  nucleus  with  spin  angular  momentum  hj 
and  magnetic  moment  p  =  (p/J)J.  Then  in  a  static  magnetic 
field  H0  =  H0  k,  the  nucleus,  due  to  the  torque  on  the  nuclear 
angular  momentum,  will  precess  like  a  top  about  H0  with  the 
Larmor  frequency  v0  and  angular  frequency  w0  given  by 
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Figure  1 .  —  Schematic  diagram  of  a  molecular  beam  magnetic 
resonance  apparatus.  A  typical  molecule  which  can  be 
detected  emerges  from  the  source,  is  deflected  by  the 
inhomogeneous  magnetic  field  A.  passes  through  the 
collimator  and  is  deflected  to  ihe  detector  by  the 
inhomogeneous  magnetic  field  B.  If,  however,  the  oscillatory 
field  in  the  C  region  induces  a  change  in  the  molecular  state, 
the  B  magnet  will  provide  a  different  deflection  and  the  beam 
will  follow  the  dashed  lines  with  a  corresponding  reduction  in 
detected  intensity.  In  the  Rabi  method,  the  oscillatory  field  is 
applied  uniformly  throughout  the  C  region  as  indicated  by  the 
long  rf  lines  F,  whereas  in  the  separated  oscillatory  field 
method  the  rf  is  applied  only  in  the  regions  E  and  G. 
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as  shown  in  Figure  2.  Consider  an  additional  magnetic  field 


Figure  2.  -  Precession  of  the  nuclear  angular  momentum  J 
(left)  and  the  rotating  magnetic  field  H  j  (right)  in  the  Rabi 
method. 
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II  i  perpendicular  to  H0  and  rotating  about  it  with  angular 
frequency  to.  Then,  if  at  any  time  H]  is  perpendicular  to  the 
plane  of  110  and  J,  it  will  remain  perpendicular  to  it  provided 
co  =  co0.  In  that  case,  in  a  coordinate  system  rotating  with  H  j 
J  w  ill  precess  about  H  i  and  the  angle  0  will  continuously 
change  in  a  fashion  analogous  to  the  motion  of  a  "sleeping 
top";  the  change  of  orientation  can  be  detected  by  allowing  the 
molecular  beam  containing  the  magnetic  moments  to  pass 
through  inhomogeneous  fields  as  in  Figure  1.  If  w  is  not 
equal  to  <o0,  II  j  will  not  remain  perpendicular  to  J;  so0  will 
increase  for  a  short  while  and  then  decrease,  leading  to  no  net 
change.  In  this  fashion  the  Larmor  precession  frequency  to0 
can  be  detected  by  measuring  the  oscillator  frequency  to  at 
which  there  is  maximum  reorientation  of  the  angular 
momentum  and  hence  a  maximum  change  in  beam  intensity  for 
an  apparatus  as  in  Figure  1.  This  procedure  is  the  basis  of  the 
Rabi  molecular  beam  resonance  method. 

The  separated  oscillatory  field  method  in  this 
application  is  much  the  same  except  that  the  rotating  field  II 1 
seen  by  the  nucleus  is  applied  initially  for  a  short  time  t,  the 
amplitude  of  II 1  is  then  reduced  to  zero  for  a  relatively  long 
time  T  and  then  increased  to  II 1  for  a  time  t,  with  phase 
coherency  being  preserved  for  the  oscillating  fields  as  shown 
in  Figure  3.  This  can  be  done,  for  example,  in  the  molecular- 


Jim  11 


L 


Figure  3.  -Two  separated  oscillatory  fields,  each  acting  for 
a  time  t,  with  zero  amplitude  oscillating  field  acting  for  time 
T.  Phase  coherency  is  preserved  between  the  two  oscillatory 
fields  so  it  is  as  if  the  oscillation  continued,  but  with  zero 
amplitude  for  time  T. 

beam  apparatus  of  Figure  1  in  which  the  molecules  first  pass 
through  a  rotating  field  region,  then  a  region  with  no  rotating 
field  and  finally  a  region  with  a  second  rotating  field  driven 
phase  coherently  by  the  same  oscillator. 


If  the  nuclear  spin  angular  momentum  is  initially 
parallel  to  the  fixed  field  (so  that  0  is  equal  to  zero  initially)  it  is 
possible  to  select  the  magnitude  of  the  rotating  field  so  that  0  is 
90°  or  it/2  radians  at  the  end  of  the  first  oscillating  region. 
While  in  the  region  with  no  oscillating  field,  the  magnetic 
moment  simply  precesses  with  the  Larmor  frequency 
appropriate  to  the  magnetic  field  in  that  region.  When  the 
magnetic  moment  enters  the  second  oscillating  field  region 
there  is  again  a  torque  acting  to  change  0.  If  the  frequency  of 
the  rotating  field  is  exactly  the  same  as  the  mean  Larmor 
frequency  in  the  intermediate  region  there  is  no  relative  phase 
shift  between  the  angular  momentum  and  the  rotating  field. 


Consequently,  if  the  magnitude  of  the  second  rotating 
field  and  the  length  of  time  of  its  application  are  equal  to  those 
of  the  first  region,  the  second  rotating  field  has  just  the  same 
effect  as  the  first  one  --  that  is,  it  increases  0  by  another  n/2. 
making  0  =  tt,  corresponding  to  a  complete  reversal  of  the 
direction  of  the  angular  momentum.  On  the  other  hand,  if  the 
field  and  the  Larmor  frequencies  are  slightly  different,  so  that 
the  relative  phase  angle  between  the  rotating  field  vector  and 
the  precessing  angular  momentum  is  changed  by  n  while  the 
system  is  passing  through  the  intermediate  region,  the  second 
oscillating  field  has  just  the  opposite  effect  to  the  first  one;  the 
result  is  that  0  is  returned  to  zero.  If  the  Larmor  frequency  and 
the  rotating  field  frequency  differ  by  an  amount  such  that  the 
relative  phase  shift  in  the  intermediate  region  is  exactly  an 
integral  multiple  of  2n,  0  will  again  be  left  at  n  just  as  at  exact 
resonance. 

In  other  words  if  all  molecules  had  the  same  velocity, 
the  transition  probability  would  be  periodic  as  in  Figure  4. 


Figure  4.  -  Transition  probability  as  a  function  of  the 
frequency  v  =  co/2re  that  would  be  observed  in  a  separated 
oscillatory  field  experiment  if  all  the  molecules  in  the  beam 
had  a  single  velocity. 

However,  in  a  molecular  beam  resonance  experiment  one  can 
easily  distinguish  between  exact  resonance  and  the  other  cases. 
In  the  case  of  exact  resonance,  the  condition  for  no  change  in 
the  relative  phase  of  the  rotating  field  and  of  the  precessing 
angular  momentum  is  independent  of  the  molecular  velocity. 
In  the  other  cases,  however,  the  condition  for  integral  multiple 
of  2 tt  relative  phase  shift  is  velocity  dependent,  because  a 
slower  molecule  is  in  the  intermediate  region  longer  and  so 
experiences  a  greater  shift  than  a  faster  molecule. 
Consequently,  for  the  non-resonance  peaks,  the  reorientations 
of  most  molecules  are  incomplete  so  the  magnitudes  of  the 
non-resonance  peaks  are  smaller  than  at  exact  resonance  and 
one  expects  a  resonance  curve  similar  to  that  shown  in  Figure 
5,  in  which  the  transition  probability  for  a  particle  of  spin  1/2 
is  plotted  as  a  function  of  frequency. 

Although  the  above  description  of  the  method  is 
primarily  in  terms  of  classical  spins  and  magnetic  moments, 
the  method  applies  to  any  quantum  mechanical  system  for 
which  a  transition  can  be  induced  between  two  energy  states 
Wj  and  Wf  which  are  differently  focussed.  The  resonance 
frequency  uq  is  then  given  by 

«o  =  (Wj  -  Wf)/*  (2) 
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Figure  5.  —  When  the  molecules  have  a  Maxwellian  velocity 
distribution,  the  transition  probability  is  as  shown  by  the  full 
line  for  optimum  rotating  field  amplitude.  ( L  is  the  distance 
between  oscillating  field  regions,  a  is  the  most  probable 
molecular  velocity  and  v  is  the  oscillatory  frequency  = 

<o./2n)  The  dashed  line  represents  the  transition  probability 
with  the  single  oscillating  field  method  when  the  total 
duration  is  the  same  as  the  time  between  separated  oscillatory 
field  pulses. 

and  one  expects  a  resonance  curve  similar  to  that  shown  in 
Figure  5,  in  which  the  transition  probability  for  a  particle  of 
spin  1/2  is  plotted  as  a  function  of  frequency. 

From  a  quantum-mechanical  point  of  view,  the 
oscillating  character  of  the  transition  probability  in  Figures  4 
and  5  is  the  result  of  the  cross  term  in  the  calculation  of  the 
transition  probability  from  probability  amplitudes.  Let  Cjjf  be 
the  probability  amplitude  for  the  nucleus  to  pass  through  the 
first  oscillatory  field  region  with  the  initial  state  i  unchanged 
but  for  there  to  be  a  transition  to  state  f  in  the  final  field, 
whereas  Cjff  is  the  amplitude  for  the  alternative  path  with  the 
transition  to  the  final  state  f  being  in  the  first  field  with  no 
change  in  the  second.  The  cross  term  produces  an 

interference  pattern  and  gives  the  narrow  oscillatory  pattern  of 
the  transition  probability  shown  in  the  curves  of  Figures  4  and 
5.  Alternatively  the  pattern  can  in  part  be  interpreted  as 
resulting  from  the  Fourier  spectrum  of  an  oscillating  field 
which  is  on  for  a  time  x  off  for  T  and  on  again  for  x  ,  as  in 
Figure  3,.  However,  the  Fourier  interpretation  is  not  fully 
valid  since  with  finite  rotations  of  J,  the  problem  is  a  non¬ 
linear  one.  Furthermore,  the  Fourier  interpretation  obscures 
some  of  the  key  advantages  of  the  separated  oscillatory  field 
method.  I  have  calculated  the  quantum  mechanical  transition 
probabilities^. 5,7,8  aruj  these  calculations  provide  the  basis 
for  Figure  5. 

The  separated  oscillatory  field  method  has  a  number  of 
advantages  including  the  following: 

(1)  The  resonance  peaks  are  only  0.6  as  broad  as 
the  corresponding  ones  with  the  single  oscillatory  field 
method.  The  narrowing  is  somewhat  analogous  to  the  peaks 
in  a  two  slit  optical  interference  pattern  being  narrower  than  the 
central  diffraction  peak  of  a  single  wide  slit  whose  width  is 
equal  to  the  separation  of  the  two  slits. 

(2)  The  sharpness  of  the  resonance  is  not  reduced 
by  non-uniformities  of  the  constant  field  since  both  from  the 
qualitative  description  and  from  the  theoretical  quantum 


analysis,  it  is  only  the  space  average  value  of  the  energies 
along  the  path  that  enter  Eq.  (2)  and  are  important. 

(3)  The  method  is  more  effective  and  often 
essential  at  very  high  frequencies  where  the  wave  length  of  the 
radiation  used  may  be  comparable  to  or  smaller  than  the  length 
of  the  region  in  which  the  energy  levels  are  studied. 

(4)  Provided  there  is  no  unintended  phase  shift 
between  the  two  oscillatory  fields,  first  order  Doppler  shifts 
and  widths  are  eliminated. 

(5)  The  method  can  be  applied  to  study  energy 
levels  in  a  region  into  which  an  oscillating  field  can  not  be 
introduced;  for  example,  the  Larmor  precession  frequency  of 
neutrons  can  be  measured  while  they  are  inside  a  magnetized 
iron  block. 

(6)  The  lines  can  be  narrowed  by  reducing  the 
amplitude  of  the  rotating  field  below  the  optimum.  The 
narrowing  is  the  result  of  the  low  amplitude  favoring  slower 
than  average  molecules. 

(7)  If  the  atomic  state  being  studied  decays 
spontaneously,  the  separated  oscillatory  field  method  permits 
the  observation  of  narrower  resonances  than  those  anticipated 
from  the  lifetime  and  the  Heisenberg  uncertainty  principle 
provided  the  two  separated  oscillatory  fields  are  sufficiently  far 
apart;  only  states  that  survive  sufficiently  long  to  reach  the 
second  oscillatory  field  can  contribute  to  the  resonance.  This 
method,  for  example,  has  been  used  by  Lundeen  and  others^ 
in  precise  studies  of  the  Lamb  shift. 

The  advantages  of  the  separated  oscillatory  field 
method  have  led  to  its  extensive  use  in  molecular  and  atomic 
beam  spectroscopy.  One  of  the  best  known  is  in  atomic 
cesium  standards  of  frequency  and  time  which  will  be 
discussed  later. 

Although  in  most  respects,  the  separated  oscillatory 
field  method  offers  advantages  over  a  single  oscillatory  field, 
there  are  sometimes  disadvantages.  In  studying  complicated 
overlapping  spectra  the  subsidiary  maxima  of  Figure  5  can 
cause  confusion.  Furthermore,  it  is  sometimes  difficult  at  the 
required  frequency  to  obtain  sufficient  oscillatory  field 
strengths  with  two  short  oscillatory  fields,  whereas  adequate 
field  strength  may  be  achieved  with  a  weaker,  longer 
oscillatory  field.  Therefore  for  most  molecular  beam 
resonance  experiments,  it  is  best  to  have  both  separated 
oscillatory  fields  and  a  single  long  oscillatory  field  available  so 
the  most  suitable  method  under  the  circumstances  can  be  used. 

As  in  any  high  precision  experiment,  care  must  be 
exercised  with  the  separated  oscillatory  field  method  to  avoid 
obtaining  misleading  results.  Ordinarily  these  potential 
distortions  are  more  easily  understood  and  eliminated  with  the 
separated  oscillatory  field  method  than  are  their  counterparts  in 
most  other  high-precision  spectroscopy.  Nevertheless,  the 
effects  are  important  and  require  care  in  high-precision 
measurements.  I  have  discussed  the  various  effects  in  detail 
elsewhere3.7,8,10  5ut  j  wjn  briefly  summarize  them  here. 

Variations  in  the  amplitudes  of  the  oscillating  fields 
from  their  optimum  values  may  markedly  change  the  shape  of 
the  resonance,  including  the  replacement  of  a  maximum 

transition  probability  by  a  minimum.  However,  symmetry 
about  the  exact  resonance  frequency  is  preserved,  so  no 
measurement  error  need  be  introduced  by  such  amplitude 
variations'^’^ 


5 


Variations  of  the  magnitude  of  the  fixed  field  between, 
but  not  in,  the  oscillatory  field  regions  do  not  ordinarily  distort 
a  molecular  beam  resonanct  provided  the  average  transition 
frequency  (Bohr  frequency)  between  the  two  fields  equals  the 
values  of  the  transition  frequencies  in  each  of  the  two 
oscillatory  field  regions  alone.  If  this  condition  is  not  met, 
there  can  be  some  shift  in  the  resonance  frequency  7.8 

If,  in  addition  to  the  two  energy  levels  between  which 
transitions  are  studied,  there  are  other  energy  levels  partially 
excited  by  the  oscillatory  field,  there  will  be  a  pulling  of  the 
resonance  frequency  as  in  any  spectroscopic  study  and  as 
analyzed  in  detail  in  the  literature. 37, 8 

Even  in  the  case  when  only  two  energy  levels  are 
involved,  the  application  of  additional  rotating  magnetic  fields 
at  frequencies  other  than  the  resonance  frequency  will  produce 
a  net  shift  in  the  observed  resonance  frequency,  as  discussed 
elsewhere. 3.7 >8  a  particularly  important  special  case  is  the 
effect  identified  by  Bloch  and  Siegert,11  which  occurs  when 
oscillatory  rather  than  rotating  magnetic  fields  are  used.  Since 
an  oscillatory  field  can  be  decomposed  into  two  oppositely 
rotating  fields,  the  counter-rotating  field  component 
automatically  acts  as  such  an  extraneous  rotating  field. 
Another  example  of  an  extraneously  introduced  rotating  field  is 
that  which  results  from  the  motion  of  an  atom  through  a  field 
H0  whose  direction  varies  in  the  region  traversed.  The  theory 
of  the  effects  of  additional  rotating  fields  at  arbitrary 
frequencies  has  been  developed  by  Ramsey7.8,10, 12 
Winter,1*1  Shirley,'^  Code, *2  and  Greene.1'1 

Unintended  relative  phase  shifts  between  the  two 
oscillatory  field  regions  will  produce  a  shift  in  the  observed 
resonance  frequency.  13,14,15  This  is  the  most  common 
source  of  possible  error,  and  care  must  be  taken  to  avoid  it 
either  by  eliminating  such  a  phase  shift  or  by  determining  the 
shift  -  say  by  measurements  with  the  molecular  beam  passing 
through  the  apparatus  first  in  one  direction  and  then  in  the 
opposite  direction. 

A  number  of  extensions  to  the  separated  oscillatory 
field  method  have  been  made  since  its  original  introduction: 

(1)  It  is  often  convenient  to  introduce  phase  shifts 
deliberately  to  modify  the  resonance  shape.  *3  As  discussed 
above,  unintended  phase  shifts  can  cause  distortions  of  the 

observed  resonance,  but  some  distortions  are  useful.  Thus,  if 
t'  change  in  transition  probability  is  observed  when  the 
rt.  Hive  phase  is  shifted  from  +k/2  to  -rt/2  one  sees  a 
dispersion  curve  shape '5  A  resonance  with  dispersion  shape 
provides  greater  sensitivity  for  detecting  small  shifts  in  the 
resonance  frequency. 

(2)  For  most  purposes  the  highest  precision  can  be 
obtained  with  just  two  oscillatory  fields  separated  by  the 
maximum  time,  but  in  some  cases  it  is  better  to  use  more  than 
two  separated  oscillatory  fields. 4  I  have  calculated  the 
theoretical  resonance  shapes^  with  two,  three,  four  and 
infinitely  many  oscillatory  fields.  The  infinitely  many 
oscillatory  field  case,  of  course,  by  definition  becomes  the 
same  as  the  single  long  oscillatory  field  if  the  total  length  of  the 
transition  region  is  kept  the  same  and  the  infinitely  many 
oscillatory  fields  fill  in  the  transition  region  continuously.  For 
many  purposes  this  is  the  best  way  to  think  of  the  single 
oscillatory  field  method,  and  this  point  of  view  makes  it 
apparent  that  the  single  oscillatory  field  method  is  subjected  to 


complicated  versions  of  all  the  distortions  discussed  in  the 
previous  section.  It  is  noteworthy  that,  as  the  number  of 
oscillatory  field  regions  is  increased  for  the  same  total  length 
of  apparatus,  the  resonance  width  is  broadened;  the  narrowest 
resonance  is  obtained  with  just  two  oscillatory  fields  separated 
the  maximum  distance  apart.  Despite  this  advantage,  there  are 
valid  circumstances  for  using  more  than  two  oscillatory  fields. 
With  three  oscillatory  fields  the  first  and  largest  side  lobe  is 
suppressed,  which  may  help  in  resolving  two  nearby 
resonances;  for  a  larger  number  of  oscillatory  fields  additional 
side  lobes  are  suppressed,  and  in  the  limiting  case  of  a  single 
oscillatory  field  there  are  no  side  lobes.  Another  reason  for 
using  a  large  number  of  successive  pulses  ca;  be  the 
impossibility  of  obtaining  sufficient  power  in  a  single  pulse  to 
induce  adequate  transition  probability  with  a  small  number  of 
pulses. 

(3)  The  earliest  use  of  the  separated  oscillatory 
field  method  involved  two  oscillatory  fields  separated  in  space, 
but  it  was  early  realized  that  the  method  with  modest 
modifications  could  be  generalized  to  a  method  of  successive 
oscillatory  fields  with  the  separation  being  in  time,  say  by  the 
use  of  coherent  pulses.1*1 

(4)  If  more  than  two  successive  oscillatory  fielus 
are  utilized  it  is  not  necessary  to  the  success  of  the  method  that 
they  be  equally  space  in  time7  the  only  requirement  is  that  the 
oscillating  fields  be  coherent  --  as  is  the  case  if  the  oscillatory 
fields  are  all  derived  from  a  single  continuously  running 
oscillator.  In  particular,  the  separation  of  the  pulses  can  even 
be  random,1  ^  as  in  the  case  of  the  large  box  hydrogen 
maser1 7  discussed  later.  The  atoms  being  stimulated  to  emit 

move  randomly  into  and  out  of  the  cavities  with  oscillatory 
fields  and  spend  the  intermediate  time  in  the  large  container 
with  no  such  fields. 

(5)  The  full  generalization  of  the  successive 
oscillatory  field  method  is  excitation  by  one  or  more  oscillatory 
fields  that  vary  arbitrarily  with  time  in  both  amplitude  and 

phase. 7. 8 

(6)  V.  F.  Ezhov  and  his  colleagues, **> 1  8  in  a 
neutron-beam  experiment,  used  an  inhomogeneous  static  field 
in  the  region  of  each  oscillatory  field  region  such  that  initially 
when  the  oscillatory  field  is  applied  conditions  are  far  from 
resonance.  Then,  when  the  resonance  condition  is  slowly 
approached,  the  magnetic  moment  that  was  originally  aligned 
parallel  to  H0  will  adiabatically  follow  the  effective  magnetic 
field  on  a  coordinate  system  rotating  with  II  j  until  at  the  end 
of  the  first  oscillatory  field  region  the  moment  is  parallel  to 
H],  This  arrangement  has  the  theoretical  advantage  that  the 
maximum  transition  probability  can  be  unity  even  with  a 
velocity  distribution,  but  the  method  may  be  less  well  adapted 
to  the  study  of  complicated  spectra. 

(7)  I  emphasized  earlier  that  one  of  the  principal 
sources  of  error  in  the  separated  oscillatory  field  method  is  that 
which  arises  form  uncertainty  in  the  exact  value  of  the  relative 
phase  shift  in  the  two  oscillatory  fields.  Jarvis,  et  al.  *9  have 
pointed  out  that  this  problem  can  be  overcome  with  a  slight 
loss  in  resolution  by  driving  ihe  two  cavities  at  slightly 
different  frequencies  so  that  there  is  a  continual  change  in  the 
relative  phase.  In  this  case  the  observed  resonance  pattern  will 
change  continuously  from  absorption  to  dispersion  shape. 
The  envelope  of  these  patterns,  however,  can  be  observed  and 
the  position  of  the  maximum  of  the  envelope  is  unaffected  by 
relative  phase  shifts.  Since  the  envelope  is  about  twice  the 
width  of  a  specific  resonance  there  is  some  loss  of  resolution 
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in  this  method,  but  in  certain  cases  this  loss  may  be 
outweighed  by  the  freedom  from  phase-shift  errors. 

(8)  The  method  has  been  extended  to  electric  as 
well  as  magnetic  transitions  and  to  optical  laser  frequencies  as 
well  as  radio-  and  microwave-frequencies.  The  application  of 
the  separated  oscillatory  field  method  to  optical  frequencies 
requires  considerable  modifications  because  of  the  short  wave 
lengths,  as  pointed  out  by  Rlaklanov,  Dubetsky  and 
Chebotsev-*’.  Successful  applications  of  the  separated 
oscillatory  field  method  to  lasers  have  been  made  by 
Bergquist,2 1  Lee,-*  Hall, 21  Salour,22  Cohen-Tannoudji," 
Borde,23  Hansch,24  Chebotayev2-5  and  many  others. 25 

(9)  The  method  has  been  extended  to  reutron 
beams  and  to  neutrons  stored  for  long  times  in  totally 
reflecting  bottles. 

(10)  In  a  recent  beautiful  experiment.  S.  Chu  and 
his  associates. 2^  have  successfully  used  the  principle  of 
separated  oscillatory  fields  with  a  fountain  of  atoms  that  rises 
up  slowly,  passes  through  an  oscillating  field  region,  falls 
under  gravity  and  passes  again  through  the  same  oscillatory 
field  region.  This  fountain  experiment  was  attempted  many 
years  ago  by  J.  R.  Zacharias  and  his  associates,-^  but  it  was 
unsuccessful  because  of  the  inadequate  number  of  very  slow 
atoms.  Chu  and  his  collaborators  used  laser  cooling2' .28,29 
to  slow  the  atoms  to  a  low  velocity  and  obtained  a  beautifully 
narrow  separated  oscillatory  fields  resonance  pattern. 

The  Atomic  Hydrogen  Maser 

The  atomic  hydrogen  maser  grew  out  of  my  attempts  to 
obtain  even  greater  accuracy  in  atomic  beam  experiments.  By 
the  Heisenberg  uncertainty  principle  (or  by  the  Fourier 
transform),  the  width  of  a  resonance  in  a  molecular  beam 
experiment  cannot  be  less  than  approximately  the  reciprocal  of 
the  time  the  atom  is  in  the  resonance  region  of  the  apparatus. 
For  atoms  moving  through  a  1  m  long  resonance  region  at  100 
m/s  this  means  that  the  resonance  width  is  about  100  Hz  wide. 
To  decrease  this  width  and  hence  increase  the  precision  of  the 
measurements  required  an  increase  in  this  time.  To  increase 
the  time  by  drastically  lengthening  the  apparatus  or  selecting 
slower  molecules  would  decrease  the  already  marginal  beam 
intensity  or  greatly  increase  the  cost  of  the  apparatus.  1 
therefore  decided  to  plan  an  atomic  beam  in  which  the  atoms, 
after  passing  through  the  first  oscillatory  field  would  enter  a 
storage  box  with  suitably  coated  walls  where  they  would 
bounce  around  for  a  period  of  time  and  then  emerge  to  pass 
through  the  second  oscillatory  field.  My  Ph.D.  student, 
Daniel  Kleppner,30  undertook  the  construction  of  this  device 
as  his  thesis  project.  The  original  configuration  required  only 
a  few  wall  collisions  and  wa.:  ca:  ed  a  broken  atomic  beam 
resonance  experiment.  Initially  the  beam  was  cesium  and  the 
wall  coating  was  teflon.  The  experiment^  was  a  partial 
success  in  that  a  separated  oscillatory  field  pattern  for  an 
atomic  hyperfine  transition  was  obtained,  but  it  was  weak  and 
disappeared  after  a  few  wall  collisions.  The  results  improved 
markedly  when  a  paraffin  was  used  for  the  wall  coating  and  a 
hyperfine  resonance  was  eventually  obtained  after  190 
collisions  giving  a  resonance  width  of  100  Hz,  but  with  the 
resonance  frequency  shifted  by  150  Hz. 

To  do  much  better  than  this,  we  decided  we  would 
have  to  use  an  atom  with  a  lower  mass  and  a  lower  electric 
polarizability  to  reduce  the  wall  interactions.  Atomic  hydrogen 
appeared  ideal  for  this  purpose,  but  atomic  hydrogen  is 


notoriously  difficult  to  detect.  We,  therefore,  calculated  the 
possibility  of  detecting  the  transitions  through  their  effects  on 
the  electromagnetic  radiations.  Townes-^  *  had  a  few  years 
earlier  made  the  first  successful  maser  (acronym  for 
microwave  amplifier  by  stimulated  emission  of  radiation)  but 
no  one  had  previously  made  a  maser  based  on  a  magnetic 
dipole  mor.ient  or  on  a  frequency  as  low  as  that  of  an  atomic 
hyperfine  transition.  We  concluded,  however,  that  if  the 
resonance  could  be  made  narrow  enough  by  multiple  wall 
collisions,  we  should  be  able  to  obtain  maser  oscillations.  The 
apparatus  was  designed  and  constructed  by  Goldenberg. 
Kleppner  and  mvself  '2  and  after  a  few  failures  we  obtained 
maser  oscillations  at  the  atomic  hydrogen  hyperfine  frequency. 
Both  the  proton  and  the  electron  have  spin  angular  momenta  I 
and  J  as  well  as  magnetic  moments.  The  atomic  hyperfine 
transitions  are  those  for  which  there  is  a  change  of  the  relative 
orientation  of  these  two  magnetic  moments  between  the  initial 
and  final  states  in  Eq.  (2).  We  studied  II  atoms  in  the  1 2s j /2 
ground  electronic  state  and  mostly  observed  the  transitions 
(F=l,  m=()  ->  F=0,  m=0)  where  F  is  the  quantum  number  of 
the  total  angular  momentum  F  =  I  +  J  and  m  is  the  associated 
magnetic  quantum  number. 

The  principles  of  an  atomic  hydrogen  maser  are  show  n 
schematically  in  Figure  6.  An  intense  electrical  discharce  in 
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Figure  6.  -  Schematic  diagram  of  atomic  hydrogen  maser. 
Only  the  paths  of  the  m=0  atoms  are  shown  since  the  m=  1 
atoms  are  not  involved  in  the  Dm=0  transitions  studied. 

the  source  converts  commercially  available  molecular 
hydrogen  (112)  into  atomic  hydrogen  (H).  The  atoms  emerge 
from  the  source  into  a  region  that  is  evacuated  to  10'"  torr  and 
enter  a  state  selecting  magnet  which  has  three  north  poles 
alternating  in  a  circle  with  three  south  poles.  By  symmetry, 
the  magnetic  field  is  zero  on  the  axis  and  increases  in 
magnitude  away  from  the  axis.  Since  the  energy  of  a 
hydrogen  atom  in  the  F=1  m=0  state  increases  with  energy  and 
since  mechanical  systems  are  accelerated  toward  lower 
potential  energy,  an  atom  in  F=1  state  that  is  slightly  off  axis 

will  be  accelerated  toward  the  axis,  i.e.  the  F=1  state  will  be 
focussed  onto  the  small  aperture  of  the  15cm  diameter  teflon 
coated  storage  cell  whereas  the  F=0  state  is  defocussed.  As  a 
result,  if  the  atomic  beam  flows  steadily,  the  storage  bottle  in 
equilibrium  will  contain  more  high  energy  F=1  atoms  than 
low.  If  these  atoms  are  exposed  to  microwave  radiation  at  the 
hyperfine  frequency,  more  atoms  are  stimulated  to  go  from  the 
higher  energy  state  to  the  lower  one  than  in  the  opposite 
direction.  Energy  is  then  released  from  the  atoms  and  makes 
the  microwave  radiation  stronger.  Thus  the  device  is  an 
amplifier  or  maser.  If  the  storage  cell  is  placed  inside  a  tuned 
cavity,  an  oscillation  a.  the  resonance  frequency  will  increase 
in  magnitude  until  an  equilibrium  value  is  reached.  At  this 
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level  the  oscillation  will  continue  indefinitely,  with  the  energy 
to  maintain  the  oscillation  coming  from  the  continuing  supply 
of  hydrogen  atoms  in  the  high  energy  hyperfine  state.  The 
device  then  becomes  a  free  running  maser  oscillator  at  the 
atomic  hyperfine  frequency. 

The  atomic  hydrogen  maser  oscillator  has 
unprecedented  high  stability  due  to  a  combination  of  favorable 
features.  The  atoms  typically  reside  in  the  storage  cell  for  10 
seconds,  which  is  much  longer  than  in  an  atomic  beam 
resonance  apparatus  so  the  resonance  line  is  much  narrower. 
The  atoms  are  stored  at  low  pressure  so  they  are  relatively  free 
and  unperturbed  while  radiating.  The  first  order  Doppler  shift 
is  removed,  since  the  atoms  are  exposed  to  a  standing  wave 
and  since  the  average  velocity  is  extremely  low  for  atoms 
stored  for  10  seconds.  Masers  have  very  low  noise  levels, 
especially  when  the  amplifying  elements  are  isolated  atoms. 
Over  periods  of  several  hours  the  hydrogen  maser  stability  is 
better  than  1  x  10' *7. 

The  major  disadvantage  of  the  hydrogen  maser  is  that 
the  atoms  collide  with  the  walls  at  intervals,  changing  slightly 
the  hyperfine  frequency  and  giving  rise  to  wall  shifts  of  1  x 
10'* 1.  However,  the  wall  shifts  are  highly  stable  and  can  be 
experimentally  determined  by  measurements  utilizing  storage 
bottles  of  two  different  diameters  or  with  a  deformable  bulb 
whose  surface  to  volume  ratio  can  be  altered.  As  in  all 
precision  measurements,  care  must  be  taken  in  adjusting  and 
tuning  the  hydrogen  maser  to  avoid  misleading  results.  These 
limitations  and  precautions  are  discussed  in  a  series  of 
publications  by  various  authors. ^2, 33, 34  The  designs  of 
hydrogen  masers  have  been  modified  in  many  ways  either  for 
special  purposes  or  for  increased  stability  and  reliability.  For 
example  different  hyperfine  transitions  have  been  used  and 
masers  have  been  operated  in  relatively  strong  magnetic  fields. 
A  hydrogen  maser  has  also  been  operated*7  with  a  storage 
bottle  that  is  much  larger  than  the  wave  length  of  the 
stimulating  radiation  by  confining  the  microwave  power  to  two 
small  cavities  so  that  it  functions  as  a  separated  oscillatory  field 
device.  The  atoms  that  are  stimulated  to  emit  radiation  move 
randomly  into  and  out  of  two  oscillatory  field  cavities  and 
spend  the  intermediate  time  in  the  large  container  where  there 
is  no  oscillatory  field.  Due  to  the  larger  size  of  the  storage  box 
there  are  longer  storage  times  and  less  frequent  wall  collisions, 
so  the  resonances  are  narrower  and  the  wall  shifts  are  smaller 
than  for  a  normal  hydrogen  maser. 

Precision  Spectroscopy 

Now  that  I  have  discussed  extensively  the  principles  of 
the  separated  oscillatory  field  method  and  of  the  atomic  maser, 
I  shall  give  some  illustrations  as  to  their  value.  One  major 
category  of  applications  is  to  precision  spectroscopy, 
especially  at  radio  and  microwave  frequencies.  Another 
category  of  applications  is  to  atomic  clocks  and  frequency 
standards. 

It  is  difficult  to  summarize  the  spectroscopic 
applications  since  there  are  so  many  of  them.  Many  beautiful 
experiments  have  been  done  by  a  large  number  of  scientists  in 
different  countries.  1  shall,  therefore  use  just  a  few 
illustrations  from  experiments  in  which  I  have  been  personally 
involved. 

My  graduate  students  have  made  precision 
measurements  of  the  radiofrequency  spectra  of  different 
molecules  in  various  rotational  states.  For  each  of  these  states 
more  than  seven  different  molecular  properties  can  be  inferred 
and  thus  the  variations  of  the  properties  with  changes  in  the 


rotational  and  vibrational  quantum  numbers  can  be  determined. 
These  properties  include  nuclear  and  rotational  magnetic 
moments,  nuclear  quadrupole  interactions,  nuclear  spin-spin 
magnetic  interactions,  spin  rotational  interactions,  etc.  1  shall 
illustrate  the  accuracy  and  significance  of  the  measurements 
with  a  single  example.  With  both  D2  and  LiD  we  have 
accurately  measured^. 3b  the  deuteron  quadrupole  interaction 
eqQ  where  e  is  the  proton  electric  charge,  q  is  the  gradient  of 
the  molecular  electric  field  at  the  deuteron  and  Q  is  the 
deuteron  quadrupole  moment  which  measures  the  shape  of  the 
deuteron  and  in  particular  its  departure  from  spherical 
symmetry.  These  measurements  were  made  with  a  high 
resolution  molecular  beam  apparatus  based  on  the  method  of 
separated  oscillatory  fields.  We  found  for  eqQ  the  value 
+225,044+20  Hz  in  D2  and  +34,213+33  Hz  in  LiD.  Since  q 
has  been  calculated77’7*®  for  each  of  these  quite  different 
molecules,  two  independent  values  of  Q  can  be  calculated. 
The  results  agree  to  within  1.5%  which  confirms  the  validity 
of  the  difficult  calculation;  with  it  we  find  Q  =  2.9  x  10"77 
cm7. 

In  an  experiment  with  collaborators7*^  at  the  Institut 
Laue-Langevin  at  Grenoble,  France,  we  have  used  the 
separated  oscillatory  field  method  with  a  beam  of  slow 
neutrons  to  make  an  accurate  measurement  of  the  neutron 
magnetic  moment  and  found77’4**  j,  to  ^  -1.91304275  ± 
0.00000045  nuclear  magnetons.  In  a  somewhat  different 
experiment  with  neutrons  moving  so  slowly  that  they  can  be 
bottled  for  more  than  80  s  in  a  suitable  storage  vessel,  we  have 
used  the  method  of  successive  oscillatory  fields  with  the  two 
coherent  radiofrequency  pulses  being  separated  in  time  rather 
than  space.  In  this  manner  and  as  a  fundamental  test  of  time 
reversal  symmetry,  we  have  recently  set  a  very  low  upper  limit 
for  the  neutron  electric  dipole  moment  by  finding4*  its  value  to 
be  (-3  ±  5)  x  10'76  e  cm. 

The  atomic  hydrogen  maser  gives  very  accurate  data  on 
the  microwave  spectrum  of  the  ground  electronic  state  of  the 
hydrogen  atom.  The  hyperfine  frequency  Av  for  atomic 
hydrogen  has  been  measured  in  our  laboratory  and  in  a 
number  of  other  laboratories.  The  best  value47’47  is 

Avh  =  1,420,405,751.7667+0.0009  Hz 

This  value  agrees  with  present  quantum  electromagnetic 
theory44  to  within  the  accuracy  of  the  theoretical  calculation 
and  can  be  used  to  obtain  information  on  the  proton  structure. 
Similarly  accurate  values  have  been  found  for  atomic 
deuterium  and  tritium  and  the  dependence47  of  these  results  on 
the  strengths  of  externally  applied  electric  fields  have  been 
measured.  With  a  modified  form  of  the  hydrogen  maser 
designed  to  operate  at  high  magnetic  fields,  the  ratio  of 
magnetic  moment  of  the  electron  to  that  of  the  proton  is 
found40;46  to  be  -658.210688  +  0.000006.  Incidentally 
when  this  result  is  combined  with  the  beautiful  electron 
measurements  from  Professor  Dehmelt's  labortory4**’47’4** 
we  obtain  the  best  values  for  the  free  proton  magnetic  moment 
in  both  Bohr  and  nuclear  magnetons. 

Atomic  Clocks 

In  the  past  50  years  there  has  been  a  major  revolution 
in  lime  keeping,  with  accuracy  and  reproducibility  of  the  best 
t'ocks  at  the  end  of  that  period  being  approximately  a  million 
times  those  at  the  beginning.  This  revolution  in  time  keeping 
and  frequency  control  is  due  to  atomic  clocks. 
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Any  dock  or  frequency  standard  depends  on  some 
regular  periodic  motion  such  as  the  pendulum  of  the 
grandfather's  clock.  In  the  case  of  atomic  clocks  the  periodic 
motion  is  internal  to  the  atoms  and  is  usually  that  associated 
with  an  atomic  hyperftne  structure  as  discussed  in  the  section 
on  atomic  hydrogen  maser. 

In  the  most  widely  used  atomic  clocks,  the  atom  whose 
internal  frequency  provides  the  periodicity  is  cesium  and  the 

usual  method  of  observing  it  is  with  a  separated  oscillatory 
field  magnetic  resonance  apparatus  as  in  Figure  1 .  The  first 
commercial  cesium  beam  clock  was  developed  in  1955  by  a 
group  led  by  J.  R.  Zacharias^  and  in  the  same  year  L.  Essen 
and  V.  L.  Parry'*  constructed  and  operated  the  first  cesium 
beam  apparatus  that  was  extensively  used  as  an  actual 
frequency  standard.  Subsequently  many  scientists  and 
engineers  throughout  the  world  contributed  to  the  development 
of  atomic  clocks,  as  discussed  in  greater  detail  elsewhere.1* 

Cesium  atomic  clocks  now  have  an  accuracy  and 
stability  of  about  10'*-*  which  was  so  far  superior  to  all 
previous  clocks  that  in  1967  the  internationally  adopted 
definition  of  the  second  was  changed  from  one  based  on 
motion  of  the  earth  around  the  sun  to  9,192,631,770  periods 
of  the  cesium  atom. 

For  many  purposes  even  greater  stability  is  required 
over  shorter  time  intervals.  When  such  stability  is  needed  the 
hydrogen  maser  is  frequently  used  with  a  stability  of  10' *5 
over  periods  of  several  hours. 

Atomic  clocks  based  on  the  above  principles  have  for  a 
number  of  years  provided  clocks  of  the  greatest  stability  and 
accuracy  and  these  are  sufficiently  great  that  further 
improvements  might  seem  to  be  neither  desirable  nor  feasible. 
But  as  we  shall  see  in  our  final  section,  there  are  applications 
that  already  push  atomic  clocks  to  their  limits  and  there  are 
many  current  developments  with  great  promise  for  the  future. 
These  include  improvements  to  the  existing  devices,  use  of 
higher  frequency,  use  of  lasers,  electromagnetic  traps  for 
storing  both  ions  and  atoms,  laser  cooling,  etc. 


Applications  for  Accurate  Clocks 

Accurate  atomic  clocks  are  used  for  so  many  different 
purposes  that  a  list  of  them  all  is  tediously  long  so  I  shall  here 
just  briefly  mention  a  few  that  push  clock  technology  to  its 
limit. 

In  radio  astronomy  one  looks  with  a  parabolic  reflector 
at  the  radio  waves  coming  from  a  star  just  as  in  optical 
astronomy  one  looks  with  an  optical  telescope  at  the  light 
waves  coming  from  a  star.  Unfortunately,  in  radio  astronomy 
the  wavelength  of  the  radiation  is  about  a  million  times  longer 
than  the  wavelength  of  light.  The  resolution  of  the  normal 
radio  telescope  is  therefore  about  a  million  times  worse  since 
the  resolution  of  a  telescope  depends  on  the  ratio  of  the  wave 
length  to  the  telescope  aperture.  However,  if  there  are  two 
radio  telescopes  on  opposite  sides  of  the  earth  looking  at  the 
same  star  and  if  the  radio  waves  entering  each  are  matched  in 
time,  it  is  equivalent  to  a  single  telescope  whose  aperture  is  the 
distance  between  the  two  telescopes  and  the  resolution  of  such 
a  combination  exceeds  that  of  even  the  largest  single  optical 
telescope.  However,  to  do  such  precise  matching  in  time  each 
of  the  two  radio  telescopes  needs  a  highly  stable  clock,  usually 
an  atomic  hydrogen  maser. 


One  of  the  exciting  discoveries  in  radio  astronomy  has 
been  the  discovery  of  pulsars,  that  emit  their  radiation  in  short 
periodic  pulses.  Precision  clocks  have  been  needed  to 
measure  the  pulsar  periods  and  the  changes  in  the  periods  with 
time;  these  changes  sometimes  occur  smoothly  and  sometimes 
abruptly.  Of  particular  interest  from  the  point  of  view  of  time 
measurements,  are  the  millisecond  pulsars  which  have 
remarkable  constancy  of  period,  rivaling  the  stability  of  the 
best  atomic  clocks.  In  fact  one  of  these  pulsars  is  so  stable 
that  it  may  eventually  be  suitable  as  a  standard  of  time  over 
long  periods.'*^  Another  millisecond  pulsar  >s  part  of  a  rapidly 
rotating  binary  star  that  is  slowly  changing  its  period  of 
rotation. “***  This  slow  change  in  rotation  can  be  attributed  to 
the  loss  of  energy  by  the  radiation  of  gravity  waves  --  the  first 
experimental  evidence  for  the  existence  of  gravity  waves. 

Time  and  frequency  can  now  be  measured  so 
accurately  that  wherever  possible  other  fundamental 
measurements  are  reduced  to  time  or  frequency  measurements. 
Thus  the  unit  of  length  by  international  agreement  has  recently 
been  defined  as  the  distance  light  will  travel  in  a  specified  time 
and  voltage  has  just  been  represented  in  terms  of  frequency 
measurements. 

Accurate  clocks  have  provided  important  tests  of  both 
the  special  and  general  theories  of  relativity.  In  one 
experiment,  a  hydrogen  maser  was  shot  in  a  rocket  to  a  6,000 
mile  altitude  and  its  periodic  rate  changed  with  speed  and 
altitude  just  as  expected  by  the  special  and  general  theories  of 
relativity.  In  other  experiments,  observers  have  measured  the 
delays  predicted  by  relativity  for  radio  waves  passing  near  the 
sun. 

Precision  clocks  make  possibl:  an  entirely  new  and 
more  accurate  navigational  system,  the  global  positioning 
system  or  GPS.  A  number  of  satellites  containing  accurate 
clocks  transmit  signals  at  specific  times  so  any  observer 
receiving  and  analyzing  the  signals  from  four  such  satellites 
can  determine  his  position  to  within  ten  yards  and  the  correct 
time  within  one  hundredth  of  a  millionth  of  a  second  (10'**  s). 

A  particularly  fascinating  navigation  feat  dependent  on 
accurate  clocks  was  the  recent  and  highly  successful  tour  of 
the  Voyager  spacecraft  to  Neptune.  The  success  of  this 
mission  depended  upon  the  ground  controllers  having  accurate 
knowledge  of  the  position  of  the  Voyager.  This  was 
accomplished  by  having  three  large  radio  telescopes  at 

different  locations  on  the  earth,  each  of  which  transmitted  a 
coded  signal  to  Voyager  which  in  turn  transmitted  the  signals 
back  to  the  telescopes.  The  distances  from  earh  telescope  to 
Voyager  could  be  determined  from  the  elapsed  times  and  thus 
Voyager  could  be  located.  To  achieve  the  required  timing 
accuracy,  two  hydrogen  masers  were  located  at  each  telescope. 
Due  to  the  rotation  of  the  earth  in  the  eight  hours  required  for 
the  electromagnetic  wave  to  travel  from  the  earth  to  Voyager 
and  back  again  at  the  speed  of  light,  the  telescope  transmitting 
the  signal  in  some  cases  had  to  be  different  from  the  one 
receiving;  this  placed  an  additional  stringent  requirement  on  the 
clocks.  Thus,  highly  stable  clocks  were  essential  for  the 
spectacular  success  of  the  Voyager  mission  to  Neptune. 
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FORTY- FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


EXPERIMENTS  WITH  AN  ISOLATED  SUBATOMIC 
PARTICLE  AT  REST 

Nobel  Lecture,  December  8,  1989 
by 

HANS  DEHMELT 

Department  of  Physics,  University  of  Washington,  Seattle,  WA  98195,  USA 

"You  know,  it  would  be  sufficient  to  really  understand  the  electron. "  Albert  Einstein 

The  5th  century  B.C.  Philosopher's  Democritus'  smallest  conceivable  in-divisible 
entity,  the  a-tomon  (the  un-cuttable),  is  a  most  powerful  but  not  an  immutable  concept. 
By  1930  it  had  already  metamorphosed  twice:  from  something  similar  to  a  molecule, 
say  a  slippery  atomon  of  water,  to  Mendeleyev's  chemist’s  atom  and  later  to  electron 
and  to  proton,  both  particles  originally  assumed  to  be  of  small  but  finite  size.  With  the 
rise  of  Dirac’s  theory  of  the  electron  in  the  late  twenties  their  size  shrunk  to 
mathematically  zero.  Everybody  "knew"  then  that  electron  and  proton  were  indivisible 
Dirac  point  particles  with  radius  R  =  0  and  gyromagnetic  ratio  g  =  2.00.  The  first 
hint  of  cuttability  or  at  least  compositeness  of  the  proton  came  from  Stem's  1933 
measurement  of  proton  magnetism  in  a  Stem-Gerlach  molecular  beam  apparatus. 
However  this  was  not  realized  at  the  time.  He  found  for  its  normalized  dimensionless 
gyromagnetic  ratio  not  g  =  2  but 

g  =  (/x/A)(2M/q)  *  5, 

where  fi.  A,  M,  q  are  respectively  magnetic  moment,  angular  momentum,  mass  and 
charge  of  the  particle.  For  comparison  the  obviously  composite  4He+  ion,  also  with 
spin  '/2,  according  to  the  above  formula  has  the  |g|  value  14700,  much  larger  than  the 
Dirac  value  2.  Also,  along  with  this  large  |g|  value  went  a  very  finite  radius  of  this 
atomic  ion  of  »3  x  10'11  m.  And  indeed,  with  Hofstadter's  high  energy  electron 
scattering  experiments  in  the  fifties  the  proton  radius  grew  again  to  R  =  0.86  x  10' 15 
m,  roughly  in  proportion  to  the  excess  value  of  3  in  g.  Similar  later  work  at  still 
CH2818-3/90/0000-012  $1.00©  1990  IEEE 
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higher  energies  found  3  quarks  inside  the  "indivisible"  proton.  Today  everybody 
"knows"  the  electron  is  an  indivisible  atomon,  a  Dirac  point  particle  with  radius  R  = 
0  and  g  =  2.00....  But  is  it?  Like  the  proton,  it  could  be  a  composite  object.  History 
may  well  repeat  itself  once  more.  This  puts  a  very  high  premium  on  precise 
measurements  of  the  g  factor  of  the  electron. 

GEON1UM  SPECTROSCOPY 

The  metastable  pseudo-atom  geonium  (Van  Dyck  et  al.  1978  and  1986)  has  been 
expressly  synthesized  for  studies  of  the  electron  g  factor  under  optimal  conditions.  It 
consists  of  an  individual  electron  permanently  confined  in  an  ultrahigh  vacuum 
Penning  trap  at  4K.  The  trap  employs  a  homogeneous  magnetic  field  B0  =  5T  and  a 
weak  electric  quadrupole  field.  The  latter  is  produced  by  hyperbolic  electrodes,  a 
positive  ring  and  two  negative  caps  spaced  2Z0  =  8  mm  apart,  see  Fig.  1 .  The 
potential,  with  A  a  constant,  is  given  by 

4>(xyz)  =  A(x2  +  y2  -  2z2), 


with  an  axial  potential  well  depth 
D  =  e[4>(000)  -  <MOOZ0)]  =  2<vlZ02  =  5eV. 

The  trapping  is  mostly  magnetic.  The  large  magnetic  field  dominates  the  motion  in  the 
geonium  atom.  The  energy  levels  of  this  atom  shown  in  Figure  2  reflect  the  cyclotron 
motion,  at  frequency  vc  =  eB^Tm  =  141  GHz,  the  spin  precession,  at  i's  =  vc,  the 
anomaly  or  g-2  frequency  vA  =  vs  -  vc  =  164  MHz,  the  axial  oscillation,  at  vz  =  60 
MHz,  and  the  magnetron  or  drift  motion  at  frequency  */m  =  13  kHz.  The  electron  is 
continuously  monitored  by  exciting  the  ^-oscillation  and  detecting  via  radio  the 
108-fold  enhanced  spontaneous  60  Mhz  emission.  A  corresponding  signal  appears  in 
Figure  3.  Doppler  side-band  cooling  has  made  continuous  confinement  in  the  trap 
center  of  an  electron  for  10  months  (Gabrielse  et  al.  1985)  possible.  This  process 
makes  the  electron  absorb  rf  photons  deficient  in  energy  and  supply  the  balance  from 
energy  stored  in  the  electron  motion  to  be  cooled.  The  corresponding  shrinking  of  the 
radius  of  the  magnetron  motion  is  displayed  in  Figure  4.  Extended  into  the  optical 
region,  the  cooling  scheme  is  most  convincingly  demonstrated  in  Figure  5.  The 
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transitions  of  primary  interest  at  vQ,  v a,  are  much  more  difficult  to  detect  than  the 

vz  oscillation.  Nevertheless  the  task  may  be  accomplished  by  means  of  the  continuous 
Stem-Gerlach  effect  (Dehmelt  1988a),  in  which  the  geonium  atom  itself  is  made  to 
work  as  a  108-fold  amplifier.  In  the  scheme  a  single  va-photon  of  only  -  1  ^eV  energy 
gates  the  absorption  of  =  100  eV  of  rf  power  at  vz.  The  continuous  effect  uses  an 
inhomogeneous  magnetic  field  in  a  similar  way  as  the  classic  one.  However,  the  field 
takes  now  the  form  of  a  very  weak  Lawrence  cyclotron  trap  or  magnetic  bottle  show  n 
in  Figure  6.  The  bottle  adds  a  minute  monitoring  well  only 

Dm  =  (m  +  n  +  */2)0. 1/ieV 

deep  to  the  axial  well  of  large  electrostatic  depth  D  =  5  eV,  with  m,  n  respectively 
denoting  spin  and  cyclotron  quantum  numbers.  Thus  jumps  in  m  or  n  show  up  as 
jumps  in  vz, 

vz  =  vz0  +  (m  +  n  +  Vi)8, 

with  5  =  1.2Hz  in  our  experiments,  and  vz0  the  axial  frequency  of  the  electron 
without  a  magnetic  bottle.  Random  jumps  in  m,  n  occur,  when  spin  or  cyclotron 
resonances  are  excited.  Figure  6A  shows  an  early  example  of  a  series  of  such  jumps  in 
m  or  spin  flips.  For  the  spin  spontaneous  transitions  are  totally  negligible.  Standard 
text  books  discuss  transitions  between  two  sharp  levels  induced  by  a  broad 
electromagnetic  spectrum  p(v)\  The  transition  rate  from  either  level  is  the  same  and  is 
proportional  to  the  spectral  power  density  p(vs)  of  the  radiation  field  at  the  transition 
frequency  vs.  Ergo,  the  average  dwell  times  in  either  level  are  the  same,  compare  Fig. 
6A.  In  the  geonium  experiments  the  frequency  of  the  weak  rf  field  is  sharp,  but  the 
spin  resonance  is  broadened  and  has  a  shape  Gs(»').  One  may  convince  oneself  that 
moving  the  sharp  frequency  of  the  rf  field  upwards  over  the  broad  spin  resonance 
should  produce  the  same  results  as  moving  a  broad  rf  field  of  spectral  shape  p(v)  oc 
Gs(u)  downwards  over  a  sharp  spin  resonance:  The  rate  of  all  spin  flips  or  jumps  in  m 
in  either  direction  counted  in  the  experiment  is  proportional  to  Gs(v).  To  obtain  the 
plot  of  Gs(^)  in  Fig.  7  the  frequency  of  the  rf  field  was  increased  in  small  steps,  and  at 
each  step  spin  flips  were  counted  for  a  fixed  period  of  about  Vi  hour.  From  our  i>s, 
data  for  electron  and  positron  (Van  Dyck  et  al.  1987)  we  have  determined 
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'/2gexp  =  vjvc  =  1.001  159  652  188(4), 


the  same  for  particle  and  anti-particle.  The  error  in  the  difference  of  their  g-factors  is 
only  half  as  large.  Heroic  quantum  electro-dynamical  calculations  (Kinoshita  1988) 
have  now  yielded  for  the  shift  of  the  g  factor  of  a  point  electron  associated  with 
turning  on  its  interaction  with  the  electromagnetic  radiation  field 

'/2(gP°int  -  2)  =  i/2AgKINOSHITA  =  0.001  159  652  133(29). 

In  the  calculations  AglcIN0SH1TA  is  expressed  as  a  power  series  in  a  It.  Kinoshita  has 
critically  evaluated  the  experimental  a  input  data  on  which  he  must  rely.  He  warns  that 
the  error  in  his  above  result,  which  is  dominated  by  the  error  in  a,  may  be 
underestimated.  Muonic,  hadronic  and  other  small  contributions  to  g  amount  to  less 
than  about  4  x  10~12  and  have  been  included  in  the  shift.  Kinoshita's  result  may  be 
used  to  correct  the  experimental  g  value  and  find 

g  =  gexp  -  AgKlNOSH1TA  =  2  +  1  l(6)xl0'n. 

ELECTRON  RADIUS  R? 

Extrapolation  from  known  to  unknown  phenomena  is  a  time-honored  approach  in  all 
the  sciences.  Thus  from  known  g,  and  R  values  of  other  near-Dirac  particles  and  our 
measured  g  value  of  the  electron  I  attempt  to  extrapolate  a  value  for  its  radius. 
Stimulated  by  theoretical  work  of  Brodsky  &  Drell  (1980),  I  (1989a)  have  plotted 
| g  -  2 1  vs  R/Xc  in  Figure  8  for  the  helium3  nucleus,  triton,  proton,  and  electron. 

Here  Xc  is  the  Compton  wavelength  of  the  respective  particle.  The  plausible  relation 
given  by  Brodsky  and  Drell  (1980)  for  the  simplest  composite  theoretical  model  of  the 
electron, 

|g  -  2 1  =  R/Ac,  or 
1 8  *  8dirac  I  =  (R  ‘  RdiracV^c 

fits  the  admittedly  sparse  data  surprisingly  well.  Even  for  such  a  very  different  spin  Vi 
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structure  as  the  atomic  ion  4He+  composed  of  an  a-particle  and  an  electron  the  data 
point  does  not  fall  too  far  off  the  full  line.  Intersection  in  Figure  8  of  this  line  with  the 
line  | g-2  j  =  l.lxlO'10  for  the  Seattle  g  data  yields  for  the  electron  the  extrapolated 
point  shown  and  with  ^cc  =  0.39xl010  cm  an  electron  radius 

R  *  10'20  cm. 

The  row  of  X's  reflects  the  data  range  defined  by  the  uncertainty  in  the  Seattle  g  data 
and  the  upper  limit  R  <  10'17  cm  determined  in  high  energy  collision  experiments.  It 
appears  that  this  combination  of  current  data  is  not  in  harmony  with  electron  structure 
models  assuming  special  symmetries  that  predict  the  quadratic  relation  |g-2|  *  (R/X)2 
shown  by  the  dashed  line.  This  favors  the  linear  relation  used  in  the  above 
extrapolation  of  R  for  the  electron.  Thus,  the  electron  may  have  size  and  structure1. 

If  one  feels  that  the  excess  g  value  1  l(6)xlOu  measured  is  not  significant  because  of 
its  large  relative  error  then,  the  value  R  ®  10‘20  cm  given  here  still  constitutes  an 
important  new  upper  limit.  Changing  the  point  of  view,  the  close  agreement  of  gpomt 
with  gexp  provides  the  most  stringent  experimental  test  of  the  fundamental  theory  of 
Quantum  Electrodynamics  in  which  R  =  0  is  assumed.  Furthermore  the  near-identity 
of  the  g  values  measured  for  electron  and  positron  in  Seattle  constitutes  the  most 
severe  test  of  the  CPT  theorem  or  mirror  symmetry  of  a  charged  particle  pair. 


LEMAITRE’S  "L’ATOME  PRIMITIF"  REVISITED  -  A  SPECULATION 

Beginning  1974  Salam  and  others  have  proposed  composite  electron  and  quark  models 
(Lyons  1983).  On  the  strength  of  these  proposals  and  with  an  eye  on  Figure  8,  I  view 
the  electron  as  the  third  approximation  of  a  Dirac  particle,  d3  for  short,  and  as 
composed  of  three  fourth-approximation  Dirac  or  d4  particles.  The  situation  is  taken  to 
be  quite  similar  to  that  previously  encountered  in  the  triton  and  proton  subatomic 
particles,  respectively  assumed  to  be  of  type  dj  and  d2.  In  more  detail,  three  d4 
subquarks  of  huge  mass  m'  =  1010  mc  in  a  deep  square  well  make  up  the  electron  in 
this  working  hypothesis.  However,  their  mass  3m’  is  almost  completely  compensated 
by  strong  binding  to  yield  a  total  relativistic  mass  equal  to  the  observed  mass  mc  of  the 
electron.  Figure  8  may  even  suggest  a  more  speculative  extrapolation:  The 
e-constituents,  in  the  infinite  regression  N  -*  o°  proposed  in  Figure  9,  have  ever  more 
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massive,  ever  smaller  sub-sub-....  constituents  dN.  However,  these  higher  order 
subquarks  are  realized  only  up  to  the  "cosmon"  with  N  =  C,  the  most  massive  particle 
ever  to  appear  in  this  universe*.  At  the  beginning  of  the  universe,  a  lone  bound 
cosmon-anticosmon  pair  or  life  time-broadened  cosmonium  atom  state  of  near- zero 
total  relativistic  mass/energy  was  created  from  Vilenkin's  (1984)  metastable  "nothing" 
state  of  zero  relativistic  energy  in  a  spontaneous  quantum  jump  of  cosmic  rarity. 
Similar,  though  much  more  frequent,  quantum  jumps  that  have  recently  been  observed 
in  a  trapped  Ba+  ion  are  shown  in  Figure  10.  In  this  case  the  system  also  jumps 
spontaneously  from  a  state  (ion  in  metastable  D5/2  level  plus  no  photon)  to  a  new  state 
(ion  in  S1/2  ground  level  plus  photon)  of  the  same  total  energy.  The  "cosmonium 
atom"  introduced  here  is  merely  a  modernized  version**  of  Lemaitre’s  (1950)  'Tatome 
primitif"  or  world-atom  whose  explosive  radioactive  decay  created  the  universe.  At  the 
beginning  of  the  world  the  short-lived  cosmonium  atom  decayed  into  an  early 
gravitation-dominated  standard  big  bang  state  that  eventually  developed  into  a  state,  in 
which  again  rest  mass  energy,  kinetic  and  gravitational  potential  energy  add  up  to  zero 
(see  formula  8  of  Jordan  1937).  The  electron  is  a  much  more  complex  particle  than  the 
cosmon.  It  is  composed  of  3C'3  cosmon-like  dc's,  but  only  two  particles  of  this  type 
formed  the  cosmonium  world-atom  from  which  sprang  the  universe.  In  closing,  I 
should  like  to  cite  a  line  from  William  Blake, 

”  To  see  a  world  in  a  grain  of  sand  —  ” 

and  allude  to  a  possible  parallel 

-  to  see  worlds  in  an  electron  — 
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FIGURE  CAPTIONS 


Fig.  1.  Penning  trap.  The  simplest  motion  of  an  electron  in  the  trap  is  along  its 
symmetry  axis,  along  a  magnetic  field  line.  Each  time  it  comes  too  close  to  one  of  the 
negatively  charged  caps  it  turns  around.  The  resulting  harmonic  oscillation  took  place 
at  about  60  Mhz  in  our  trap.  Reproduced  from  (Dehmelt  1983)  with  permission, 
copyright  Plenum  Press. 

Fig.  2.  Energy  levels  of  geonium.  Each  of  the  cyclotron  levels  labeled  n  is  split  first 
by  the  spin  -  magnetic  field  interaction.  The  resulting  sublevels  are  further  split  into 
the  oscillator  levels  and  finally  the  manifold  of  magnetron  levels  extending 
downwards.  Reproduced  from  (Van  Dyck  et  al.  1978)  with  permission,  copyright 
Plenum  Press. 

Fig.  3.  Rf  signal  produced  by  trapped  electron.  When  the  electron  is  driven  by  an 
axial  rf  field,  it  emits  a  60  MHz  signal,  which  was  picked  up  by  a  radio  receiver.  The 
signal  shown  was  for  a  very  strong  drive  and  an  initially  injected  bunch  of  7  electrons. 
One  electron  after  the  other  was  randomly  "boiled"  out  of  the  trap  until  finally  only  a 
single  one  is  left.  By  somewhat  reducing  the  drive  power,  this  last  electron  could  be 
observed  indefinitely.  Reproduced  from  (Wineland  et  al.  1973)  with  permission, 
copyright  American  Institute  of  Physics. 

Fig.  4.  Side-band  "cooling"  of  the  magnetron  motion  at  vm.  By  driving  the  axial 
motion  not  on  resonance  at  vz  but  on  the  lower  Doppler  side-band  at  vz-vm,  it  is 
possible  to  force  the  metastable  magnetron  motion  to  provide  the  energy  balance  h^m, 
and  thereby  expand  the  magnetron  orbit  radius.  Conversely,  an  axial  drive  at  vz+vm 
shrinks  the  radius.  The  roles  of  upper  and  lower  side-bands  are  reversed  here  from  the 
case  of  a  particle  in  a  well  where  the  energy  increases  with  amplitude  because  the 
magnetron  motion  is  metastable  and  the  total  energy  of  this  motion  decreases  with 
radius.  Reproduced  from  (Van  Dyck  et  al.  1978)  with  permission,  copyright  Plenum 
Press. 

Fig.  5.  Visible  blue  (charged)  barium  atom  Astrid  at  rest  in  center  of  Paul  trap 
photographed  in  natural  color.  The  photograph  strikingly  demonstrates  the  close 
localization,  <  <  1  /z m,  attainable  with  geonium  cooling  techniques.  Stray  light  from 
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the  lasers  focussed  on  the  ion  also  illuminates  the  ring  electrode  of  the  tiny  rf  trap  of 
about  1  mm  internal  diameter.  Reproduced  from  (Dehmelt  1988)  with  permission, 
copyright  the  Royal  Swedish  Academy  of  Sciences. 

Fig.  6.  Weak  magnetic  bottle  for  continuous  Stem-Gerlach  effect.  When  in  the  lowest 
cyclotron  and  magnetron  level  the  electron  forms  a  1  pm  long  wave  packet,  30  nm  in 
diameter,  which  may  oscillate  undistorted  in  the  axial  electric  potential  well.  The 
inhomogeneous  field  of  the  auxiliary  magnetic  bottle  produces  a  minute  spin-dependent 
restoring  force  that  causes  the  axial  frequency  vz  for  spin  t  and  *  to  differ  by  a  small 
but  detectable  value.  Reproduced  from  (Dehmelt  1988a)  with  permission,  copyright 
Springer  Verlag. 

Fig.  6A.  Spin  flips  recorded  by  means  of  the  continuous  Stem-Gerlach  effect.  The 
random  jumps  in  the  base  line  indicate  jumps  in  m  at  a  rate  of  about  1 /minute  when 
the  spin  resonance  is  excited.  The  upwards  spikes  or  "cyclotron  grass"  are  explained 
by  expected  rapid  random  thermal  excitation  and  spontaneous  decay  of  cyclotron  levels 
with  an  average  value  <n>  *  1.2.  Adapted  from  (Van  Dyck  et  al.  1977)  with 
permission,  copyright  American  Institute  of  Physics. 

Fig.  7.  Plot  of  electron  spin  resonance  in  geonium  near  141  GHz.  A  magnetic 
radiofrequency  field  causes  random  jumps  in  the  spin  quantum  number.  As  the 
frequency  of  the  exciting  field  is  stepped  through  the  resonance  in  small  increments, 
the  number  of  spin  flips  occurring  in  a  fixed  observation  period  of  about  Vi  hour  are 
counted  and  then  plotted  vs  frequency.  (Actually  the  141  GHz  field  flipping  the  spin  is 
produced  by  the  cyclotron  motion  of  the  electron  through  an  inhomogeneous  magnetic 
rf  field  at  ps  -  vc  =  164  MHz.)  Reproduced  from  (Van  Dyck  et  al.  1987)  with 
permission,  copyright  American  Institute  of  Physics. 

Fig.  8.  Plot  of  |g-2|  values,  with  radiative  shifts  removed,  vs  reduced  rms  radius 
R/Xc  for  near-Dirac  particles.  The  full  line  |g-2|  =  R/Ac  predicted  by  the  simplest 
theoretical  model  provides  a  surprisingly  good  fit  to  the  data  points  for  proton,  triton 
and  helium3  nucleus.  It  may  be  used  to  obtain  a  new  radius  value  for  the  physical 
electron  from  its  intersection  with  the  line  |g-2|  =  l.lxlO'10  representing  the  Seattle 
electron  g  data.  The  data  are  much  less  well  fitted  by  the  relation  |g-2|  =  (R/\c)2, 
which  is  shown  for  comparison  in  the  dashed  line.  The  atomic  ion  4He+  is  definitely 
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not  a  near-Dirac  particle,  but  even  its  data  point  does  not  fall  too  far  off  the  full  line. 
Adapted  from  iDehmelt  1990)  with  permission,  copyright  American  Institute  of 
Physics. 

Fig.  9.  Triton  model  of  near-Dirac  particles.  Reproduced  from  (Dehmelt  1989b)  with 
permission,  copyright  the  National  Academy  of  Sciences  of  the  USA. 

Fig.  10.  Spontaneous  decay  of  Ba+  ion  in  metastable  D5/2-level.  Illuminating  the  ion 
with  a  laser  tuned  close  to  its  resonance  line  produces  strong  resonance  fluorescence 
and  an  easily  detectable  photon  count  of  1600  photons/ sec.  When  later  an  auxiliary, 
weak  Ba+  spectral  lamp  is  turned  on  the  ion  is  randomly  transported  into  the 
metastable  D5/2  level  of  30  sec  lifetime  and  becomes  invisible.  After  dwelling  in  this 
shelving  level  for  30  sec  on  the  average,  it  drops  down  to  the  S1/2  ground  state 
spontaneously  and  becomes  visible  again.  This  cycle  then  repeats.  Reproduced  from 
(Nagoumey  et  al.  1986)  with  permission,  copyright  American  Institute  of  Physics. 


22 


NEGATIVE  CHARGE 
-Q/2 

ON  UPPER  CAP 


y 


z,  B0 


FIGURE  1 


23 


FIGURE  2 


24 


<-  RE-EMITTED  SIGNAL 
FIGURE  3 

25 


RON  ORBIT  RADIUS  (mm) 


FIGURE  4 


26 


27 


IKHKI  5  VISIHI  I  (II  \K(.I  I)  mil  I!  ARUM  ATOM  AS  I  KID  \l  HI  SI  IN  CUN  IT. R  Ol  I  mm  1)1  AMI  I  I  K  I* A l  I  I  R  Al’ 
I’HOKKIR M’lll.l)  IN  N A  IT  R  Al  COLOR  (NAOOl  KNLY.  SANDHI  RO  A;  I)  IWhi 


CAP 

ELECTRODE 


FIGURE  6 


28 


CAP 

ELECTRODE 


U _ .  I 

co 

SHIFT  (Hz) 

FIGURE  6A 


29 


FIGURE  7 


30 


NEAR-DIRAC  PARTICLE  DATA 


FIGURE  8/DEHMELT /DECEMBER  27,  1989 


31 


STRUCTURES 


PARTICLES 


H3  He3 


u  u  d  e 


NUCLEI 
dx  PARTICLES 


NUCLEONS 
d2  PARTICLES 


QUARKS/LEPTONS 
d3  PARTICLES 


SUBQUARKS 


NO  dN  PARTICLES 
WITH  N>C  REALIZED 

COSMON  WITH  N  =  C 
HEAVIEST  PARTICLE 
EVER  TO  APPEAR 
IN  THIS  UNIVERSE 

N  -  oo  LIMIT 
IS  DIRAC 
POINT  PARTICLE 


FIGURE  9 


32 


ime  (sec 


FORTY-FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


INTERFERENCE  FRINGES  FROM  SINGLE-CAVITY 
EXCITATION  OF  AN  ATOMIC  BEAM* 

A.  DeMarchi, 

University  of  Ancona,  Ancona,  Italy 
and 

R.  E.  Drullinger  and  J.  H.  Shirley 
Time  and  Frequency  Division 
National  Institute  of  Standards  and  Technology 
325  Broadway 
Boulder,  Colorado  80303 


Abstract 


A  cyclindrical  cavity  operated  in  the  TEq^  mode  was 
used  for  excitation  of  the  hyperfine  transition  in  an  optically 
pumped  cesium  beam  spectrometer.  In  the  configuration 
we  used  the  atoms  see  the  rf  H-field  reverse  its  direction 
twice.  The  observed  lineshapes  show  an  interference 
structure  similar  to  Ramsey  interference.  Theoretically 
derived  lineshapes  are  in  good  agreement  with  the 
observations.  A  comparison  is  made  between  these 
lineshapes  and  corresponding  Ramsey  lineshapes.  The 
effects  of  phase  variations  within  the  cavity  are  also 
discussed  briefly 


Introduction 


A  prototype  atomic  beam  device  was  set  up  to  test 
optical  pumping  as  a  means  of  state  preparation  and 
detection.  Since  the  magnetic  field  in  this  device  is 
longitudinal,  a  suitable  Ramsey-style  microwave  excitation 
structure  was  not  readily  available.  Instead,  a  simple 
cylindrical  cavity  was  substituted.  This  cavity  was  operated 
in  the  TEqj^  mode  with  the  atomic  beam  passing  along  the 
cylindrical  axis.  The  microwave  magnetic  field  amplitude 
seen  by  the  atoms  then  has  the  form  of  three  half  periods 
of  a  sine  wave  (see  Fig.  1).  We  expected  this  form  of 
excitation  would  exhibit  line  narrowing  similar  to  that 
achieved  with  Ramsey  excitation. 

Experiment 

The  prototype  beam  tube  was  made  as  follows. 
The  vacuum  chamber  was  assembled  from  commercial 
vacuum  components  and  pumped  with  a  turbo  molecular 
pump.  The  cesium  oven  was  a  piece  of  3/8  inch  copper 
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tube  with  a  3  mm  graphite  aperture.  This  type  of  oven 
does  not  last  long  because  of  the  absorption  of  cesium  by 
graphite,  but  it  is  simple  to  make  and  delivers  a  fairly  well 
collimated  beam.  The  laser  beams  enter  and  exit  the 
chamber  through  near  normal  incidence,  high  quality  anti- 
reflection  coated  windows  epoxied  to  the  tube.  The 
fluorescence  collection  optics  are  identical  to  those 
developed  for  NIST-7  [1],  The  C-field  coil  is  wound  on  an 
aluminum  cylinder  with  a  diameter  of  about  20  cm.  There 
is  a  single  layer  of  magnetic  shielding  with  no  end  caps. 
The  separation  of  the  optical  pumping  region  from  the 
detection  region  is  25  cm. 


The  cavity  and  its  mode  pattern  are  shown 
schematically  in  Fig.  1.  The  cavity  is  made  of  2  inch 
copper  plumbing  pipe  with  brass  end  plugs.  The  latter 
have  a  5  mm  axial  hole  for  the  atomic  beam  passage  and 
a  1/4  mode  filter  to  discriminate  against  the  degenerate 
TM  and  lower  modes.  The  cavity  is  fed  in  the  center  by  a 
small  loop  in  the  end  of  the  0.087  inch  coaxial  feed  line. 
There  is  no  provision  for  coupling  adjustment.  The 


Figure  1.  Schematic  of  TEqjj  mode  showing  longitudinal 
magnetic  field  amplitude  in  the  three  excitation  zones. 
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resonant  frequency  was  tuned  by  adjusting  the  position  of 
the  end  plugs  before  they  were  fixed  in  place.  The  final 
tuning  is  done  by  temperature  adjustment.  The  cavity  has 
a  loaded  Q  of  about  20  000. 

The  experiments  were  done  with  a  single  diode 
laser  narrowed  by  optical  feed-back  [2|  and  locked  to  a 
saturated  absorption  feature  in  a  separate  cesium  cell.  A 
second  optical  frequency  was  synthesized  from  the  laser  by 
an  acousto-optic  modulator.  This  allowed  us  to  pump  on 
the  F  =  4  -F=  4  transition  and  detect  on  the  F  =  4  - 
F=  5  cycling  transition. 

Representative  experimental  lineshapes  for  the 
clock  resonance,  (F  =  3,  m  =  0  to  F  =  4,  m  =  0),  arc 
shown  in  Figs.  2a  and  3a  together  with  theoretical 
lineshapes  Figs.  2b  and  3b  for  the  same  conditions. 


Figure  2.  Experimental(a)  and  theoretical(b)  lineshapes 
obtained  at  optimum  power. 


h 


(a) 


Figure  3.  Experimcntal(a)  and  thcoretical(b)  lineshapes 
obtained  at  6  dB  below  optimum  power. 


Theory 


In  the  notation  of  Ramsey  [3,  Chap.  V.3J,  the 
evolution  of  the  probability  amplitudes  of  the  two  hyperfme 
states  is  given  by  the  time-dependent  Schrodinger  equation 


i(didt)Cp(t)  -  bg(t)eiu>*Cq(t), 
i(dfdt)Cq(t)  -  bg(t)e^Cp(t)  +  o,C/f), 

(1) 


with  the  initial  conditions  Cp(0)  =  1  and  C^fO)  =  0. 

We  have  chosen  the  energy  of  the  initial  state  p  to  be  zero. 
The  rotating  field  approximation  has  been  made.  The  Rabi 
frequency  2b  is  proportional  to  the  microwave  magnetic 
field  amplitude,  to  is  the  microwave  angular  frequency,  and 
o>q  is  the  atomic  resonance  frequency.  The  function  g(t) 
represents  the  time  dependence  of  the  microwave  field 
amplitude.  For  the  TE^  ^  mode  g(t)  is  shown  in  Fig.  1 
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and  is  given  by  (n/2)sin(nt/t),  where  t  is  the  transit 
time  through  one  of  the  three  zones,  and  g  is  normalized 
so  that  Jy  g(t)dt  =  t. 

Weak  excitation 


The  theory  is  most  easily  developed  and 
understood  in  the  limit  of  weak  excitation.  To  first  order 
in  b,  C  remains  equal  to  1.  The  probability  amplitude  for 
excitation  after  an  atom  has  traversed  n  zones  is  then 

Cq  -  -ibe~'“°z  Gn(\)  (2) 


where 


( \-e,nUcosmz ) 
(XV-K2) 


(3) 


and  X  =  is  the  detuning  from  resonance  of  the 

microwave  field.  G  is  well-behaved  at  Xt  =  ±ic  since 
n 

both  numerator  and  denominator  vanish  together  for 
integer  n.  If  we  consider  the  function  g(t)  to  be  zero 
outside  the  range  0<t<nt  ,  then  the  integration  limits  in 
(3)  can  be  extended  to  plus  and  minus  infinity  and  Gn(A) 
becomes  the  Fourier  transform  of  g(t).  The  transition 
probability  becomes 


PJM  -  bZ  |G„  |2 


7I4fj2T2COS2(»Xt/2) 

(AV-*2)2 

(4) 


for  n  odd.  For  n  even,  replace  cosfnXx/2)  by 
sin(nXt/2).  The  result  (4)  is  shown  in  Fig.  4  for  n=3. 
With  the  aid  of  some  trigonometric  identities  we  can  factor 
the  transition  probability  for  one  zone  of  excitation  from 
(4): 


(5) 


is  the  sum  of  three  exponentials.  These  exponentials  relate 
the  transition  amplitude  in  the  second  and  third  zones  to 
that  in  the  first  zone  by  phases  that  correspond  to  the 
difference  in  phase  evolution  between  the  field  and  the 
state  q.  These  phases  interfere  to  either  destroy  or 
enhance  the  basic  probability  Pj.  Hence,  we  refer  to  F-j  as 
the  interference  factor.  For  Xt  =  n,  F^  =  -3  and  P^  is 
enhanced  nine  times  over  Pj.  This  enhancement  is  shown 
by  the  strong  side  peaks  in  Fig.  4.  The  interference  factor 
also  narrows  the  central  peak  and  introduces  additional 
zeros. 


Note  that  if  no  excitation  took  place  in  the  second 
zone,  we  would  have  a  form  of  Ramsey  excitation  with  the 
drift  time  T  =  t.  The  second  term  in  (6)  would  then  be 
missing  and  (5)  would  reduce  to 

PR  -  (2cosAt)2Pj,  (7) 


the  usual  expression  for  weak  two-zone  Ramsey  excitation 
|3,  Chap.  V.4],  This  lineshape,  also  shown  in  Fig.  4,  has  a 
central  peak  1.4  times  broader  than  the  central  peak  for 
three  zone  excitation.  It  also  has  prominent  side  peaks,  but 
they  are  not  enhanced  above  the  central  peak. 
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Figure  4.  Comparison  of  lineshapes  from  three-zone 
excitation  (solid  line)  with  Ramsey  excitation  (dashed  line) 
at  low  power  with  single  velocity  atoms. 


For  n  =  3  the  remaining  factor, 

Fj  -  2cosAt-1  -  eiKx-l  +  e~'Xx, 


The  results  (4)  and  (5)  also  apply  to  values  of  n 
larger  than  3  corresponding  to  excitation  by  a  TEq^  mode. 
The  interference  factor  Fn  becomes  a  polynomial  in  cosXt 
related  to  the  Tschcbyscheff  polynomials.  The  lineshape 
has  very  strong,  narrow  side  peaks  for  single-velocity  atoms. 
The  central  peak  has  a  width  Avn  =  kn/2nt  where  kj  = 
2.38,  kj  =  1.04,  and  kn  approaches  unity  for  n  large.  A 
corresponding  Ramsey  excitation  would  include  excitation 
by  only  the  first  and  last  zones  with  a  drift  time  between 
excitation  zones  T  =  (n-2)t.  For  such  a  Ramsey  excitation 
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(7)  holds  with  Xx  replaced  by  (n-l)Ax/2  in  the  argument 
of  the  cosine.  The  central  peak  has  a  width  Av  =  q 
/2(n-l)x  where  =  .98  and  qn  approaches  unity  for  n 
larger.  Hence  for  n  large  the  multi-zone  excitation  and 
corresponding  Ramsey  excitation  yield  lineshapes  with 
similar  widths. 


excitation 


If  ijr(t)  represents  die  state  vector  whose 
components  are  Cp(t)  and  C  (t),  then  the  time  evolution 
of  t|r{t)  can  be  expressed  by  a  2  x  2  evolution  matrix  U(t,tQ) 
such  that 

<K0  -  Mfcfo)  iK'o).  (8) 


For  three-zone  excitation  the  evolution  can  be  broken  down 
into  the  product  of  evolutions  across  each  zone: 

<K 3t)  -  U(3x2x)  U( 2x,x)  U( x,0)  tjf(O). 

(9) 


fn  terms  of  the  solution  of  (I)  at  t  =  x  we  have  the 
evolution  matrix 


U(T,0)  - 


C„(T)  (10) 

C,(t)  Cp(xye-'U>X ; 


The  one-zone  transition  probability  Pj  is  again  a  factor  in 
the  multi-zone  transition  probability  In  the  weak  excitation 
limit  C  (x)  is  unity  so  that  y  =  sin(Ax/2)  in  agreement 
with  (6y  For  stronger  excitation  Cp(x)  decreases,  making 
the  side  peaks  less  prominent. 

For  the  actual  sine-wave  form  of  g(t)  the 
Schrodinger  equation  (1)  was  integrated  numerically  across 
one  zone  to  find  The  transition  probability  for  1,  2, 

and  3  zones  was  then  found  from  ihc  relations  (11).  A 
sample  result  is  plotted  in  Fig.  5,  for  optimum  power. 
Saturation  reduces  the  value  of  y  in  (11)  allowing  the 
central  peak  to  broaden  and  reducing  the  side  peaks. 

Also  shown  in  Fig.  S  is  the  corresponding  Ramsey  lineshape 
for  two  zones  of  excitation.  The  central  Ramsey  peak  is 
now  only  0.6  times  as  wide  as  for  three  zone  excitation. 
Saturation  does  not  affect  the  interference  factor  for 
Ramsey  excitation. 


Figure  5.  Comparison  of  lineshapes  from  three-zone 
excitation  (solid  line)  with  Ramsey  excitations  (dashed  line) 
at  optimum  power  with  single  velocity  atoms. 


Velocity  Average 


U(2x,x)  and  U(3x,2x)  are  the  same  as  U(x,U)  except 
that  Cq(x)  is  replaced  by  -Cq(x)e*'UT  and  Cq(x)e2'UT 
respectively.  Thus,  knowing  the  solution  of  (1)  for  the  first 
excitation  zone  allows  us  to  easily  find  the  solution  for 
several  zones  by  matrix  multiplication.  The  results  for  the 
transition  probability  are 

Pj  =  |Cq(x)|2  for  one  zone, 

2 

?2  =  4y  Pj  for  two  zones, 

Pj  =  (l-4y2)2Pj  for  three  zones,  (11) 

where  y  =  Im[Cp(x)  exp(iXx/2)|. 


In  the  experimental  situation  x  is  not  fixed,  but 
has  a  broad  distribution  of  values  corresponding  to  the 
velocity  distribution  of  atoms  in  the  beam.  Since  the 
position  of  the  side  lobes,  but  not  the  central  peak, 
depends  on  x,  the  side  lobes  are  greatly  reduced  and 
broadened  by  averaging  over  x  values.  A  thermal  velocity 
distribution  weighted  by  1/v  for  detection  by  a  cycling 
transition  [4]  was  used  to  average  the  numerical  results. 
Figure  2b  shows  the  resulting  calculated  lineshape  for 
optimum  excitation  for  comparison  with  the  experimental 
curve  in  Fig.  2a.  At  weaker  excitation  levels,  the  central 
peak  shrinks  and  narrows  faster  than  the  side  lobes  as 
shown  in  Figs.  3a  and  3b.  At  still  lower  excitation  the 
central  peak  becomes  only  half  as  high  as  the  side  lobes. 
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Theoretical  predictions  are  in  agreement  with  experimental 
observations. 

Cavity  Phase  Variations 

Spatial  phase  variations  within  the  cavity  can  lead 
to  frequency  biases,  in  analogy  with  the  end-to-end  phase 
shift  in  Ramsey  cavities.  Only  phase  variations  associated 
with  modes  of  a  symmetry  different  from  the  desired  one 
can  produce  a  bias  [S|.  In  our  cavity  the  closest  such 
modes  are  TEqjj  and  TEq14-  However,  since  they 
resonate  about  1.1  GHz  away  from  the  TEq^  mode  and 
have  very  high  Q,  the  resulting  frequency  bias  would  be 
very  small  even  if  the  cavity  feed  excited  them,  which  it  is 
not  designed  to  do.  An  experimental  search  was  made  for 
other  modes  using  probes  within  the  cavity.  The  only 
resonances  seen  in  our  cavity  other  than  the  desired  one 
were  those  of  the  TEq^  and  TEq^  modes,  which  have  a 
symmetry  that  will  not  produce  frequency  shifts. 
Furthermore,  the  degenerate  TMj  ^  mode  and  the  lower 
TE|  |n  modes  were  not  observed,  indicating  that  the  mode 
filter  works  well.  In  conclusion,  we  feel  that  spatial  phase 
variations  can  be  analyzed  and  shown  not  to  be  a  problem 
in  this  type  of  cavity. 
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Abstract:  One  of  the  next  major  advances  in 
rubidium  and  cesium  atomic  clock  technology  will 
center  on  the  use  of  diode  lasers  for  optical  p'imping. 
The  atomic  clocks  used  on  board  satellites  have  the 
potential  to  interact  with  various  formsof  radiation  that 
are  not  present  in  the  laboratory  environment,  and  the 
effects  of  this  radiation  on  the  laser’s  operating 
characteristics  relevant  to  clock  applications  are  not 
well  known. 

The  present  paper  describes  an  ongoing 
experiment  to  study  the  effects  of  neutron  fluence  on 
the  operating  characteristics  of  Mitsubishi  Transverse 
Junction  Stripe  (TJS)  AlGaAs  diode  lasers.  Different 
models  of  the  TJS  diode  laser  produce  optical  radiation 
in  both  the  780  and  850  nm  range,  appropriate  for 
optical  pumping  in  rubidium  and  cesium  atomic  clocks, 
respectively.  In  this  phase,  a  set  of  TJS  diode  lasers  has 
been  exposed  to  a  neutron  fluence  of  2  x  1012  n/cm2, 
and  four  laser  characteristics  were  examined  after  each 
exposure.  The  laser’s  light  output  versus  injection 
current  and  single-mode  linewidth  versus  output  power 
both  influence  the  efficiency  of  optical  pumping  and 
hence  the  atomic  clock’s  signal-to-noisc  ratio.  We  have 
also  measured  the  lasers  single-mode  wavelength 
versus  injection  current  (laser  tuning).  Since  the  diode 
laser  must  remain  tuned  to  the  appropriate  atomic 
transition,  any  degradation  in  the  ability  to  tunc  the 
laser  will  impact  atomic  clock  reliability.  Finally,  the 
diode  laser’s  gain  curve  has  been  studied  at  several 
injection  currents  below  threshold,  litis  diode  laser 
characteristic  is  taken  as  an  indicator  of  the  neutron 
damage  mechanisms  in  the  laser’s  semiconductor 
material.  Changes  in  these  characteristics  due  to  the 
neutron  exposure  are  reported. 

Introduction 

The  next  generation  of  rubidium  (Rb)  and 
cesium  (Cs)  atomic  clocks  will  employ  diode  lasers  for 
optical  pumping  to  improve  their  frequency  stabilities. 
It  is  anticipated  that  the  introduction  of  laser  optical 
pumping  in  each  of  these  devices  will  improve  their 
frequency  stabilities  by  factors  of  nearly  100  over 
current  designs  ( 1,2].  For  space  applications,  the  laser 
pumped  clocks  will  have  to  function  in  the  presence  of 
various  forms  of  radiation.  In  particular,  the  effects  of 
radiation  on  diode  laser  function  must  be  investigated. 
In  this  paper,  we  discuss  experiments  in  progress  in  the 
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laboratories  of  The  Aerospace  Corporation  to 
determine  the  effects  of  neutron  irradiation  on  the 
operating  characteristics  of  diode  lasers  relevant  to 
dock  function.  The  emphasis  on  characteristics 
pertinent  to  atomic  clock  operation  distinguishes  this 
study  from  previous  investigations  of  neutron  effects 
on  diode  laser  operation  13-5]. 

Atomic  clock  operation  requires  a  population 
imbalance  to  be  established  between  the  two  hyperfine 
levels  whose  energy  difference  defines  the  clock's 
internal  frequency.  Optical  pumping  is  a  very  eff  icient 
means  of  generating  the  desired  population  imbalance. 
The  AlGaAs  diode  lasers  [6]  are  ideal  sources  of  optical 
pumping  radiation.  They  are  compact,  solid  state 
devices  whose  size  is  attractive  for  use  in  the  satellite 
environment.  Additionally,  they  have  a  number  of 
spectral  properties  that  arc  well  suited  to  optical 
pumping  in  Rb  and  Cs  atomic  clocks.  The  intensities  of 
light  they  emit  are  adequate  for  efficient  optica! 
pumping  in  atomic  standards.  By  varying  the  mole 
fraction  of  A1  in  these  devices,  lasers  with  wavelengths 
that  maybe  tuned  to  either  Rb  orCs  optical  resonances 
are  available.  Finally,  the  spectral  width  of  the  laser 
light  is  sufficiently  narrow  to  allow  effective  optical 
pumping  in  the  gas-cell  environment  of  the  Rb 
standard,  as  well  as  the  atomic-beam  environment  of 
the  Cs  atomic  clock. 

Prior  to  the  present  studies,  the  bulk  of 
information  concerning  the  effects  of  neutron 
exposure  on  diode  laser  operation  dealt  with  the 
radiation-induced  modifications  of  the  diode  laser’s 
output  power  versus  injection  current  curve  |3-5J.  In 
the  present  study,  four  tests  are  used  to  characterize  a 
laser’s  performance  before  and  after  exposure  to 
neutrons.  First,  the  laser’s  output  power  versus 
injection  current  curve  is  measured.  This  characteristic 
affects  the  laser  optical  pumping  rate,  and  hence  the 
signal-to-noisc  ratio  and  frequency  stability  of  the 
atomic  clock.  This  curve  also  identifies  the  laser’s 
threshold  current,  the  minimum  current  at  which  laser 
emission  takes  place.  Then  the  laser’s  single-mode 
linewidth  versus  inverse  output  power  curve  is 
obtained.  Again  this  characteristic  influences  the 
efficiency  of  optical  pumping  and  hence  the  atomic 
clock’s  signal-to-noise  ratio.  The  laser’s  single-mode 
wavelength  versus  injection  current  curve  (laser 
tuning)  is  measured.  As  the  injection  current  is 
increased,  the  internal  temperature  of  the  lasing  media 
also  increases.  The  increasing  temperature  causes  the 
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lasing  wavclengtii  to  shift  to  longer  values  due  to 
changing  of  the  media’s  refractive  index.  As  the  diode 
laser  must  remain  tuned  to  the  appropriate  atomic 
transition,  any  degradation  in  the  ability  to  tune  the 
laser  will  impact  the  clock’s  reliability.  Finally,  the 
diode  laser’s  gain  versus  wavelength  curve  is  obtained 
at  several  injection  currents  below  threshold.  Though 
this  characteristic  is  not  as  closely  related  to  atomic 
clock  performance  as  the  others,  it  is  perhaps  a  better 
indicator  of  the  neutron  damage  mechanisms  in  the 
laser’s  semiconductor  material.  The  range  of  tests 
encompassed  in  this  study  should  provide  a  fuller 
picture  of  the  effects  of  neutron  exposure  on  the  diode 
laser  characteristics  relevant  to  atomic  standard 
operation. 

Experimental  Procedure 

Experimentation  is  being  performed  on  six 
Mitsubishi  TJS  ML  3101  diode  lasers,  labeled  A 
through  F.  The  lasers  are  being  characterized  at 
operating  temperatures  of  both  15  and  30°C.  Prior  to 
irradiation,  the  lasers  were  characterized  using  the 
previously  mentioned  four  tests.  We  found  that  the 
iasers  divided  themselves  into  two  groups.  Lasers  C 
and  D  displayed  relatively  low  threshold  currents, 
approximately  15  mA,  while  lasers  A,  B,  E,  and  F 
howed  higher  threshold  currents,  all  very  near  35  mA. 
lypically,  this  type  of  laser  diode  has  a  threshold 
current  near  20  m  A,  with  a  maximum  of  approximately 
40  mA.  After  initial  characterization,  the  lasers  were 
exposed  to  a  neutron  fluence  of  2  x  1012  n/cm2  (E  >  1 
McV)  at  room  temperature  at  the  Sandia  Pulsed 
Reactor  (SPR  III).  TTie  flucnce  represents  the  average 
value  of  the  measurements  of  three  sulfur  dosimeters 
with  appropriate  corrections  applied  to  convert  the 
dosimeter  values  to  fluences  for  neutrons  with  energies 
greater  than  1  MeV. 

Upon  return  to  our  laboratory,  the  lasers’ 
optical  properties  were  remeasured.  To  ensure  the 
reproducibility  of  our  spectral  measurements,  a  control 
laser,  unexposed  to  neutrons,  was  also  recharacterized. 
Its  spectral  properties  were  required  to  remain 
constant  prior  to  proceeding  with  the  characterization 
of  the  exposed  lasers.  In  this  paper,  we  report  the 
results  of  this  single  neutron  exposure.  We  anticipate 
continuing  the  study,  increasing  the  exposure  to  higher 
neutron  fluences. 

Results 

Prior  to  exposure,  all  of  the  diode  lasers 
displayed  spectral  characteristics  consistent  with 
normally  behaving  devices.  After  exposure,  the  two 
low  threshold  lasers  showed  no  discernible  changes  in 
operating  characteristics.  In  contrast,  the  four  high 
threshold  lasers  showed  marked  changes  in  their 

fierformanccs.  These  effects  will  be  reviewed  in  the 
ol  lowing  paragraphs. 

In  Fig.  1,  typical  output  power  versus  injection 
current  curves  are  displayed  for  a  low  threshold  laser 
(D)  and  a  high  threshold  laser  (E)  before  and  after 
neutron  exposure.  No  effect  of  neutron  exposure  is 


observed  for  the  low  threshold  laser.  In  contrast,  laser 
E  shows  a  slight  increase  in  us  threshold  current  upon 
neutron  exposure.  Also,  after  exposure,  this  laser  can 
produce  no  more  than  2.4  mW  of  optical  power.  Ifte 
reduced  output  power  could  degrade  the  frequency 
stability  of  a  clock  employing  this  laser.  Lhe  behaviors 
of  the  two  low  threshold  lasers  were  consistent,  as  were 
the  behaviors  of  the  four  high  threshold  lasers. 
Linewidth  versus  inverse  power  curves  are  presented  in 
Fig.  2  for  lasers  D  and  E  before  and  after  neutron 
exposure.  The  low  threshold  lasers  show  no 
measurable  changes  due  to  this  exposure.  In  contrast, 
the  high  threshold  lasers  show  increases  in  their 
linewidlhs  upon  exposure.  Again,  the  potential  for 
changes  in  linewidth  upon  neutron  exposure  would 
have  to  be  taken  into  account  when  considering  the 
application  of  these  lasers  in  atomic  clocks. 

Wavelength  versus  injection  current  curves  for 
a  low  threshold  laser  (D)  and  a  high  threshold-laser  (E) 
before  and  after  neutron  exposure  are  displayed  in  Fig. 

3.  The  apparent  changes  in  laser  D’s  tuning  curve  upon 
neutron  exposure  fall  within  our  normal  range  of 
tuning  curve  reproducibility.  Consequently,  we  cannot 
state  that  the  radiation  exposure  had  any  effect  on  this 
laser's  tuning.  However,  laser  E  displayed  a  significant 
change  in  its  tuning  characteristics.  It  "is  apparent  that 
wavelengths  accessible  prior  to  irradiation  are  no 
longer  attainable  after  exposure,  lliis  could  be  a 
serious  limitation  to  the  use  of  this  laser  in  an  atomic 
clock.  Again,  the  two  low  threshold  lasers  displayed 
similar  lacks  of  sensitivity  to  neutron  exposure.  Two  of 
the  four  high  threshold  lasers  were  unaffected  by  the 
radiation,  while  the  other  two  showed  the  effects  just 
discussed. 

Review  of  the  diode  laser  gain  curves  may  give 
some  indication  of  the  origins  of  the  neutron-induced 
effects.  One  aspect  of  the  information  supplied  in 
these  curves  is  summarized  on  the  graphs  shown  on  Fig. 

4.  Laser  C,  representing  the  low  threshold  lasers,  is 
unaffected  by  the  neutron  exposure.  Laser  E.  a  high 
threshold  laser,  shows  a  consistent  shift  of  its  g..  "  curve 
peak  to  higher  energies  after  neutron  exposure.  This  is 
somewhat  surprising,  since  the  increased  threshold 
currents  observed  after  exposure  would  indicate 
increased  active  region  temperature  during  lasing. 
Consequently,  a  shift  to  lower  energies  (longer 
wavelength  emission)  after  neutron  exposures  would 
have  been  expected. 

The  lack  of  sensitivity  of  the  low  threshold 
lasers’  output  power  versus  injection  current  curves  to 
this  level  of  neutron  exposure  is  consistent  with  the 
findings  of  Barnes  [4],  In  the  present  study,  we  find  that 
this  behavior  extends  to  a  range  of  optical 
characteristics  relevant  to  optical  pumping  as  would  be 
performed  in  an  atomic  clock. 

Conclusions 

Application  of  the  diode  lasers  of  the  type  used 
in  this  study  has  the  potential  to  significantly  improve 
the  frequency  stabilities  of  the  Rb  and  Cs  standards.  It 
is  apparent  though,  that  neutron  exposure  can  lead  to 
tuning  curve  modifications,  increased  spectral 
linewidths,  and  reduced  output  powers.  Furthermore. 
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these  results  should  extend  to  Alt  i.» As  diode  lasers  in 
general.  All  of  these  effects  can  result  in  degraded 
atomic  standard  performance  potential  failure. 
This  is  not  to  say.  though,  that  devices  cannot  be 
used  in  atomic  standards  subject  to  a  neutron 
environment.  Rather,  if  the  ultimate  operational 
environment  has  the  potential  for  neutron  exposure, 
care  must  be  taken  in  use  of  the  standards.  As  a  first 
step  to  reducing  a  standard's  potential  sensitivity  to 
neutron  exposure,  diode  lasers  with  thresholds  below 
typical  values  should  be  employed.  Additionally,  it 
would  be  wise  to  have  a  laser  wavelength  control  system 
with  sufficient  sophistication  to  correct  any  small 
wavelength  shifts  that  might  occur  upon  exposure,  lo 
this  point,  we  have  addressed  the  effects  of  neutron 
exposure  on  the  operating  characteristics  of  diode 
lasers  at  a  phenomenological  level.  With  further 
exposures  at  increasing  fluences  and  additional 
analysis,  we  hope  to  obtain  a  more  fundamental 
understanding.  Results  of  this  more  complete  study 
will  be  forthcoming. 
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Fig.  1.  Output  power  versus  injection  current  for  a  low  threshold  laser  (D)  and  a  high  threshold  laser  (E) 

before  (X)  and  after  (O)  neutron  exposure. 
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Fig.  2.  Linewidth  versus  inverse  power  for  a  low  threshold  laser  (D)  and  a  high  threshold  laser  (E) 

before  (X)  and  after  (O)  neutron  exposure. 
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Fig.  3.  Wavelength  versus  injection  current  for  a  low  threshold  laser  (D)  and  a  high  threshold  laser  (E) 

before  (X)  and  after  (O)  neutron  exposure. 
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Fig.  4.  Energy  of  gain  curve  for  a  low  threshold  laser  (C)  and  a  high  threshold  laser  (E) 
before  (X)  and  after  (O)  neutron  exposure. 
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FORTY- FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


FREQUENCY  LOCKING  OF  LASER  DIODES  USING  AN 
OPTICALLY  PUMPED  CESIUM  BEAM  TUBE 

Kenji  HISADOME  and  Masami  KIHARA 
NTT  Transmission  Systems  Laboratories 
1-2356  Take,  Yokosuka,  Kanagawa,  238-03  Japan 


ABSTRACT 

A  new  optically  pumped  cesium  beam  tube  has  been 
designed.  This  tube  is  680  mm  long,  and  has  two  cesium 
beam  ovens  and  four  atom-laser  interaction  zones.  The  fre¬ 
quency  of  a  laser  diode  is  locked  to  the  fluorescence  from  the 
cesium  beam.  The  frequency  fluctuation  of  this  frequency- 
locked  laser  diode  and  the  short-term  frequency  stability  of 
the  optically  pumped  cesium  beam  frequency  standard 
using  this  laser  diode  arc  theoretically  estimated  according 
to  the  measured  beam  current  values.  Also,  the  directivity 
of  the  cesium  beam  tube  is  measured  to  determine  the 
proper  operational  condition.  When  oven  temperature  is 
130  CC,  a  practical  lifetime  of  about  4  years  (1  g  Cs  metal 
enclosed)  and  a  good  short-term  frequency  stability  of 
°k>(r)  =  3xl()  '7v/rcan  be  obtained. 

1.  INTRODUCTION 

Cesium  beam  frequency  standard;  generate  an  accu¬ 
rate  and  stable  frequency  synchronized  to  the  "clock  transi¬ 
tion"  frequency  (9.192631770  GHz)  of  cesium  atoms  using 
deflection  magnets  and  the  Ramsey  resonance  method'1*. 
Their  frequency  accuracy  and  long-term  frequency  stability 
are  better  than  rubidium  gas  cell  frequency  standards  and 
oven  conlr  lied  crystal  oscillators,  and  they  are  smaller 
than  hydrogen  maser  frequency  standards.  They  tire  used  in 
several  fields  navigation,  communication,  time  keeping, 
instrumentation,  etc. 

Optically  pumped  cesium  beam  frequency  standards 
use  lasers  instead  of  conventional  deflection  magnets  for 
atomic  state  preparation  and  microwave  resonance  detec¬ 
tion.  Their  frequency  accuracy,  long-term  frequency  slabil- 
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ity,  and  short-term  frequency  stability  are  expected  to  be 
better  than  conventional  cesium  beam  frequency  standards. 
With  recent  advances  in  laser  diode  technology,  several 
laboratories  are  in  the  process  of  developing  them1* 

NTT  is  developing  a  small  optically  pumped  cesium 
beam  frequency  standard  as  a  clock  frequency  source  for 
NTT’s  synchronous  digital  communication  networks'1'  ". 
A  new-  optically  pumped  cesium  beam  tube  is  created  as  a 
quantum  resonator  for  this  optically  pumped  cesium  stan¬ 
dard.  This  paper  reports  a  scheme  and  preliminary  results 
of  the  new'  cesium  bean  tube.  Short-term  frequency 
stability  and  the  proper  operational  condition  for  the 
optically  pumped  cesium  standard  using  this  tube  are  also 
discussed. 

2.  CESIUM  BEAM  TUBE 

Scheme 

The  scheme  of  the  optically  pumped  cesium  beam 
tube  is  shown  in  figure  1 .  It  is  680  mm  long  anil  has  two 
cesium  beam  ovens  and  four  atom-laser  interaction  zones. 
With  these  ovens  and  interaction  zones,  it  is  possible  to 
simullancoiKly  iterate  two  counter-propagating  beams1” . 
to  cancel  out  a  cavity  phase  shift  by  summing  up  the  reso¬ 
nance  signals  obtained  from  the  two  beams(Fig.  2).  A 
more  detailed  explanation  is  given  in  the  appendix. 

Windows  and  mirrors 

The  cesium  beam  tube  has  four  pairs  of  w  indows  for 
laser  beams  and  four  spheroidal  mirrors  for  fluorescence 
detection.  These  w  indows  are  made  ol  anLi-rellection  coated 
fused  silica  and  their  reflectivity  at  850  rim  is  less  than  0.4 
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Figure  1.  Optically  Pumped  Cs  Beam  Tube. 
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*  *®f§  *  Fluorescence 

Figure  2.  Cancellation  of  Cavity  Phase  Shift 
by  Two  Stimultaneous  Counter 
Propagating  Cs  Beams. 


9c.  The  laser  beam  and  cesium  beam,  running  perpendicu¬ 
lar  to  the  paper,  cross  each  other  at  one  focus  of  the  mirror 
in  figure  3.  Fluorescence  from  the  cesium  beam  is  focused 
by  the  mirror  onto  a  silicon  photodiode  located  at  the  other 
focus. 

Ovens 

The  ovens  have  beam  collimators  made  of  copper. 
The  temperatures  of  the  beam  collimators  are  measured  by 
thermistor  sensors  and  their  fluctuations  arc  controlled  to 
less  than  0.1  CC.  The  beam  collimator  is  composed  of 
channels  each  of  whose  lengths  are  17  mm  anti  whose  cross 
section  areas  are  0.03  mm2.  The  directivity  of  the  beam 
collimator  is  shown  in  section  5. 

Material 

The  energy  levels  of  atoms  generally  change  due  to 
the  Zeeman  effect  caused  by  environmental  magnetic  fields. 
Therefore  the  material  for  the  beam  tube  must  be  nonmag¬ 
netic  to  avoid  unexpected  Zeeman  frequency  offset.  More¬ 
over,  gas  emission  from  the  material  must  be  kept  to  mini¬ 
mum  because  the  mean  free  path  of  the  cesium  atoms  in  the 
cesium  beam  tube  must  be  much  longer  than  the  beam  lube 
length.  Consequently,  aluminium  alloy  is  employed  to 
satisfy  the  above  conditions. 

Vacuum 

Two  ion  vacuum  pumps  tire  used  for  an  evacuation 
speed  of  10  liters  per  second  are  used.  The  vacuum  level  in 
the  beam  tube  can  be  held  at  about  1 0  *  Torr.  The  mean  free 
path  at  this  vacuum  level  is  on  the  order  of  1():  m. 

3.  OBSERVATION  OF  Cs  -  D:  LINE 

An  absorption  line  from  the  ground  state  I62S 1/2)  to 
the  excited  state  l62P3/2),  the  Cs  -  D2  line  (resonant 
wavelength  in  vacuum  is  852.35  nm),  is  used  for  the  op¬ 
tical  pumping.  These  states  have  the  hypcrfinc  structures 
shown  in  figure  4  due  to  nuclear  spin  interaction.  In  this 
figure,  F  and  F  arc  the  total  angular  momentum  quantum 
number  in  the  ground  state  I62S 1/2)  and  the  excited  state 
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Preamplifier 


Figure  3.  Spheroidal  Mirror  for  Fluorescence 
Detection. 


stabilized  laser  diode  module.  Experimental  conditions  are 
as  follows. 

■  Temperature  fluctuation  of  LD  module; 

<  10  2  K. 

Input  optical  power;  -4  dBm. 

Oven  temperature;  150  C. 

•  Sweeping  range  of  laser  diode  injection 
current;  0.1  pA. 

The  fluorescence  from  the  cesium  beam  is  focused 
onto  the  silicon  photodiode  whose  detection  area  is  33 
mm2,  and  its  photocuncnt  is  amplified  by  a  low  noise  FET 
operational  amplifier. 

The  observation  results  arc  shown  in  figure  5(a). 
Three  transition  lines  (F  =  4  — »  F=  3, 4,  5)  can  be  found 
for  0.1  pA  sweeping  range  of  injection  current  (900  MHz 
sweeping  range  of  laser  frequency).  Peak  value  for  cycling 
transition  line  (F  =  4  — »  F'=  5)  is  400  nA  (in  atomic  state 
preparation  zone)  and  20  nA  (in  microwave  resonance  de¬ 
tection  zone)  respectively.  Full  width  at  half-maximum  of 
the  transition  line  is  90  MHz. 

A  frequency  discrimination  signal  is  used  to  lock  the 
frequency  of  the  laser  diode  to  one  of  the  transition  lines. 
To  obtain  the  discrimination  signal,  rectangular  modula¬ 
tion  current  with  an  amplitude  of  25  pA  and  a  modulation 
frequency  of  10  kHz  is  added  to  the  injection  current  of  the 
laser  diode.  The  frequency  of  the  laser  diode  is  shifted  ±45 
MHz  with  the  modulation  current.  The  synchronously  de¬ 
tected  result  of  the  fluorescence  signal  is  shown  in  figure 
5(b).  The  three  zero-crossing  points  correspond  to  the  three 
peaks  of  the  fluorescence  signal  in  figure  5(a). 


4,  ESTIMATION  OF  SHORT-TERM  FREQUENCY 
STABILITY 


Figure  4.  Hyperfine  Structures  in  Cs-Ch  Line. 

l62P3/2)  respectively.  According  to  the  selection  rule, 
there  arc  six  allowed  transitions  (F  =  3  — »  F'  =  2,  3, 4  and 
F  =  4  F'=  3,  4,  5)  in  the  Cs  -  D2  line. 

Fluorescence  corresponding  to  the  Cs  -  D2  line  is 
observed  with  the  cesium  beam  tube  and  tempcraturc- 


Bascd  on  the  experimental  results  obtained  in  the 
previous  section,  the  short-term  frequency  stability  of  our 
optically  pumped  cesium  beam  frequency  standard  is  theo¬ 
retically  estimated,  considering  both  the  frequency  and 
power  fluctuation  of  the  laser  diode.  The  estimated  short¬ 
term  frequency  stability  is  ultimate,  because  150  °C  in  the 
previous  experimental  conditions  is  the  highest  oven  tern- 


Sweep  Current  (mA) 
(a) 


0.0  0.05  0.1 


Sweep  Current  (mA) 

(b) 

Figure  5.  Fluoresecence  Signal  (a) 
and  Frequency  Discrimination  Signal  (b). 

peraturc  allowed  for  aluminum  alloy  used  as  cesium  beam 
lube  material. 

A  block  diagram  of  Ihc  optically  pumped  cesium 
standard  analyzed  in  this  section  is  shown  in  figure  6.  In 
this  figure,  laser  diode  frequency  is  stabilized  by  fluores¬ 


cence  from  the  interaction  zone  close  by  the  cesium  beam 

oven. 

Laser  diode 

When  modulation  current  ±Al  with  a  frequency  of 
fL,  is  added  to  the  injection  current,  the  LD  frequency  is 
given  by 

vL(t)  =VLo(t)  ±Avl 

VLo(t)  =VLF-KLlc(t)  +SvL(t)  (1) 

with  AvL  =KlAI 
where 

vLF :  free-running  LD  mean  frequency 
lc(t):  control  current 

SvL(t ):  free-running  LD  frequency  fluctuation 
Kl  :  constant. 

The  fluorescence  for  cycling  transition  ''an  be  approximated 
by  Lorentzian  shape.  When  AvL  i1  jual  to  one  half  the 
transition  lincwidth,  the  fluorescent  signal  is  approximated 
by 

14(/)H1{1  a  W  Po+SP(f)}+Vn(f) 

2  WU2 

(2) 

where 

P0:  mean  power 

5P(t):  power  fluctuation 
Vn(t ):  noise  in  thcconuol  system  (beam  shot  noise, 
atom-photon  conversion  noise,  stray  light 
shot  noise,  etc.n8>) 

WL:  transition  lincwidth 

vr :  resonance  frequency 

a:  coefficient  dependent  on  collection  efficiency 

of  the  mirror,  quantum  efficiency  of  the 
photodiode,  beam  intensity,  etc. 

The  control  current  is  given  by 
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where 


lc(t)  +  i«5P(4;0  +  Vn(fL,t)} 

2  144/2  2 


(3) 


where 


( /) ;  integrator  impulse  response 
SP(f:ty,  f  component  of  8P(t) 
Vn(f\t)\  f  component  of  t/n(f). 


In  equation  (3),  ®  represents  the  convolution  integral. 

From  equations  ( 1 )  anti  (3),  the  two-sample  variance 
of  the  frequency  fluctuation  of  the  stabilized  laser  diode  is 
given  by 


oji{ T) 


_  1  ,SMfi)  ,  Svn(fL)  il 
2 q!  Pc2  (aPd2)2  T 


(4) 


with 

Ql  =  v,/WL 


SJ  f) :  power  spectral  density  of  8P{  t) 

SVn(f):  power  spectral  density  of  Vn(t). 

In  this  equation,  r  is  an  average  lime  of  a  frequency. 

Optically  pumped  Cs  standard 

The  microwave  frequency,  synthesized  from  the 
VC'XO  frequency  and  modulated  by  a  rectangular  signal 
whose  frequency  is  f0,  is  given  by 

vf.iu(t)  =Mvo(t ) 

Vm{ t)  =VMo(()  i^V'O 

v'o(/)  =vof -KoVcif)  +8vc(t)  . 


Figure  6.  Optically  Pumped  Cs  Standard  Analyzed  in  Sec.  4. 

BPF:  band  pass  filter,  PSD:  phase  sensitive  detector 
INT:  integrator,  MOD  OSC:  modulation  oscillator 
SYN:  synthesizer,  MOD:  modulator 


where 


v0F:  free-running  VCXO  mean  frequency 
5v0(f):  free-running  VCXO  frequency  fluctuation 
K0:  constant 
Vc(():  control  voltage 
M:  multiplication  rate  of  the  microwave 

synthesizer. 

Microwave  transition  probability  can  be  approximated  by 

cosY[vcL'-<f)}] 

2  Wo 

where 

Wc\  Ramsey  resonance  lincwidih 
vCL:  "clock  transition"  frequency. 

When  Av0  =  W0I2,  the  fluorescent  signal  is  approximated 
by 

Voif)  xl(1+M0I} 

2  Wo  2  WLI 2 

xa'{Po  +5P(f)}+Vn(t)  (6) 

where 

V'n(t):  noise  in  the  control  system. 
a':  coefficient. 

The  control  voltage  is  given  by 

Vc{t}  =hd(}®[  la'Po”^  a 
4  Wo 

+ 1  + 1  a'-8P(fo-,t)  +  Vn(fo\t)] 

4  Wl/2  4  (?) 

where 

h0(t)\  integrator  impulse  response 
SvL(f\t);  f  component  of  Svjt). 

From  equations  (5)  and  (7),  the  two-sample  variance  of  the 
frequency  fluctuation  of  the  optically  pumped  cesium 
standard  is  given  by 


oMti - 3 — (SsfiM  +QlsyL(fo)  +  4S^o)}l 

8 n2Qo  Po  {a'Pd2)2  T 

(8) 

with 

Q0  =  MvclIW.j. 

In  this  equation,  the  first  term  reflects  the  power  fluctuation 
of  the  laser  diode,  the  second  the  frequency  fluctuation  of  the 
laser  diode,  and  the  third  the  noise  in  the  control  system. 

<7>t(T=1s)  and  cr/0(r=1s)  as  calculated  for  S^/)/ 
PQ2  are  shown  in  figure  7.  The  parameters  for  die  calcu¬ 
lations  arc  shown  in  table  1 .  These  parameters  are  obtained 
from  the  measured  results  in  the  previous  section.  In  fig¬ 
ure  7,  the  ultimate  values  of  the  square  root  of  the  two- 
sample  variance  of  the  frequency  fluctuation  of  the  fre¬ 
quency-locked  laser  diode  and  the  optically  pumped  cesium 
standard  using  the  laser  diode  arc  cr/((r)  =4.5xl013/vr  and 
CTo(r)  =  9x1013/n,t,  respectively,  when  Sjl,f)/Po2<\0 "/ 
Hz.  This  SJt,t)!P02  value  can  be  easily  realized. 


o  .in 


S5P(fo)/P&  [Hz:1] 


Figure  7.  Frequency  Fluctuations  of  Laser  Diode 
and  Optically  Pumped  Cs  Standard. 


5.  PROPER  OPERATIONAL  CONDITION 


In  general,  the  consumption  of  cesium  in  a  cesium 
beam  oven  and  saturation  of  the  carbon  getters  degrade  the 
lifetime  of  cesium  beam  tubes.  Fogging  of  the  windows 
and  mirrors  by  cesium  atoms  can  also  degrade  the  lifetime 
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Cs  Beam  Oven 

b* 


300mm 


.  Ionization 
*1  Detector 


(a) 
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X(mm) 

(b) 

Figure  8.  Measurement  Scheme  of  Beam  Collimator 
Directicity  (a)  and  Measured  Beam  Pattern  (b). 


of  a  cesium  beam  tube  when  optical  pumping  is  used.  Off- 
axis  atoms  causes  these  degradations.  Thus,  it  is  necessary 
to  measure  the  directivity  of  the  beam  collimator  to 
determine  the  proper  operational  condition  for  cesium  beam 
tubes. 

Directivity  of  beam  collimator 

The  directivity  of  an  experimental  beam  collimator 
similar  to  the  beam  collimator  in  the  cesium  beam  tube  is 
measured.  The  measurement  scheme  is  shown  in  figure 
8(a).  An  ionization  detector  whose  detection  slit  is  0.5  mm 
x  5  mm  is  placed  far  300  mm  from  the  beam  collimator  and 
is  moved  perpendicular  to  the  beam  axis. 

The  measured  beam  pattern  is  shown  in  figure  8(b). 
Theoretical  patterns(19)  arc  shown  by  lines  (1)  and  (2)  in 
this  figure.  Line  (1)  ignores  rc-cmission  from  the  walls  of 
the  collimator  and  line  (2)  considers  it.  The  measured  beam 
pattern  is  affected  by  rc-cmission. 

Transmission  probability  (inverse  of  peaking  fac¬ 
tor,  k)  indicates  the  directivity  of  the  beam  collimator.  The 
K-'  obtained  from  the  theoretical  beam  pattern  (2)  is  0.018, 
and  the  >c'  obtained  from  the  measured  beam  pattern  is 
0.023. 

Proper  operational  condition 

In  the  following  calculation,  it  is  assumed  that  only 
cesium  consumption  limits  the  lifetime  of  the  cesium 
beam  tube.  This  consumption  can  be  calculated  by  the 
measured  transmission  probability  and  the  overall  cross 
section  area  (0.36  mm2)  of  the  beam  collimator.  The 
relation  between  lifetime  (1  g  Cs  enclosed),  short-term  fre¬ 
quency  stability  and  oven  temperature  is  shown  in  figure  9. 
The  lifetime  and  short-term  frequency  stability  of  NTT's 
present  cesium  standard  arc  also  shown  in  this  figure. 

The  proper  operational  condition  can  be  determined 
by  this  graph.  When  oven  temperature  is  130  °C,  a  life¬ 
time  of  about  4  years  per  gram,  and  a  short-term  frequency 
stability  of  cr^r)  =  3x10  12/Vr  can  be  obtained.  The 
lifetime  is  longer  than  that  of  NTT s  present  cesium  stan¬ 
dard,  and  the  short-term  frequency  stability  is  less  than  one 
tenth  that  of  NTT s  present  cesium  standard. 
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Figure  9.  Lifetime,  Frequency  Stability  and  Oven 
Temperature  of  Optically  Pumped  Cs  Beam  Tube. 

6.  SUMMARY 

A  new  optically  pumped  cesium  beam  tube  has  been 
created.  This  cesium  beam  tube  is  680  mm  long,  and  has 
two  cesium  beam  ovens  and  four  atom-laser  interaction 
zones.  Measured  fluorescent  current  is  20  nA  in  the 
microwave  resonance  detection  zone,  when  oven  tempera¬ 
ture  is  150  °C  and  input  optical  power  is  -4  dBm. 

Short-term  frequency  stability  of  our  new  optically 
pumped  cesium  beam  frequency  standard  is  theoretically 
estimated  according  to  the  measured  values.  The  ultimate 
value  of  the  square  rtxrl  of  the  two-sample  variance  of  the 
frequency  fluctuation  is  of0 ( r)  =  9x10  ‘Wr. 

Using  the  measured  directivity  of  the  beam  collima¬ 
tor,  the  proper  operational  condition  for  the  cesium  beam 
tube  is  determined.  A  practical  lifetime  of  about  4  years  (1 
g  Cs  metal  enclosed)  and  a  good  short-term  frequency 
stability,  <7^(1)  =  3x10  l2/vr  can  be  obtained  when  the 
temperature  is  130  °C. 
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APPENDIX 

In  figure  2,  the  two  resonance  signals,  V ,  and  V.,  are 
given  by 

1/i=^iqC0S?[^~V^VCPs)1 

2  Wo 

V2=  V2qcozY1vcl'V^-Avcps)\ 

2  Wo 

where  A vCPS  is  cavity  phase  shift. 

y,  and  16, are  summed  up  and  synchronously  detected  The 
detected  signal,  VD  is  given  by 

Vd=Kc(  vcl-  vm+  V?0  A  vcps ) 

Vio+V2o 

where  K0  is  a  constant. 

When  Vw  =  Vx,  the  cavity  phase  shift  At'CPS  can  be 
cancelled  out. 
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ZERO- CROSSING  TECHNIQUE  FOR  CLOCK -TRANSITION 
DETECTION  IN  A  Rb  FREQUENCY  STANDARD 
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Abstract 

We  propose  a  new  technique  of  detection  of 
the  clock-transition,  in  a  Rb  frequency 
standard,  by  seans  of  magnetic  field 
modulation.  In  this  technique  the 
microwave  is  held  constant  and  magnetic 
field  is  rapidly  swept  across  the  zero 
value.  This  zero  crossing  produces  a 
transient  in  the  transmitted  light 
intensity.  The  amplitude  of  the  transient 
j.  strongly  dependent  on  microwave 
frequency  and  shows  picks  corresponding  to 
the  Rb  hyperfine  transitions.  The  pick 
which  corresponds  to  the  clock  transition 
can  be  utilized  to  lock  the  servo-loop  in 
a  rubidium  frequency  standard. 

Zero  crossing  detection  technique  has  the 
obvious  advantage  that  it  has  a  low 
sensitivity  to  a  stray  magnetic  field 
since  the  signal  is  generated  when  the 
total  magnetic  field  is  nearly  zero. 

Introduction 

This  paper  describes  the  experimental 
results  and  interpretation  of  effects  that 
are  produced  by  the  reversal  of  the 
magnetic  "C"  field  in  a  rubidium  atomic 
frequency  standard.  We  have  first 
encountered  these  phenomena  when 

alternating  the  "C"  field  in  order  to 
cancel  the  disturbance  of  external  field, 
by  means  of  averaging  [1]. 

In  the  experiment  we  sweep  the  magnetic 
field  through  zero,  while  (a)  transmitting 
light  through  the  Rb8 7  vapor  cell  and 
(b),  injecting  a  microwave  signal  at  the 
clock-transition-frequency  into  the 

microwave  cavity,  where  the  vapor  cell  is 
located.  We  observe  positive  and  negative 
transient  signals  in  the  transmitted  light 
intensity. 

We  attribute  these  signals  to  non- 

adiabatic  processes  that  occurs  between 
the  Zeeman  sublevels  of  the  hyperfine 
structure  of  the  rubidium  atom. 

Related  but  different  effects  were 

observed  before. 

First,  the  very  well  known  Majorama 
effect,  [2],  deals  with  non-adiabat ic 

transitions  that  occurs  between  the  Zeeman 
sublevels  of  a  Cs  beam  as  it  passes 

CH2818- 3/90/0000-053  $1,000  1990  IEEE 


through  zero  magnetic  field.  However,  no 
microwave  or  pumping  light  are  present. 

H.G.  Dehmelt,  [3],  and  other  authors, 
[4,5],  had  investigated  the  change  in  the 
transmission  of  a  polarized  light  in 
alkali  metals  vapor  under  a  reversal  of  a 
magnetic  field.  (No  microwave  is  present). 
These  experimentsa  are  closely  related  to 
the  Hanle  effect  [6],  that  deals  with  the 
change  of  the  intensity  and  polarization 
of  a  scattered  light  from  a  vapor,  which 
is  irradiated  by  polarized  light  and  is 
exposed  to  a  very  small  magnetic  field. 

More  recently,  Camparo  A  Frueholz,  [7], 
have  studied  the  effect  of  adiabatic  rapid 
passage  of  the  microwave  frequency  through 
resonance.  In  this  case  the  magnetic  field 
is  kept  constant  and  the  transmitted  light 
intensity  is  being  recorded,  showing 
positive  signals. 

In  our  experiment  we  observe  transients 
only  when  a  microwave  EM  field  at  the 
clock  transition  frequency  is  present. 
When  plotting  the  transient  amplitude 
versus  the  microwave  frequency  we  obtain  a 
sort  of  Ramesy  pattern  with  center  line 
and  side  lobes.  The  center  line  is  picked 
at  a  frequency  which  corresponds  to  the 
zero  field  clock  transition  frequency. 

One  can  make  use  of  this  line  for  the 
detection  of  the  clock  transition  and 
locking  the  servo-loop  in  a  rubidium 
frequency  standard. 


In  the 

fol lowing. 

we 

describe 

the 

experimental  set-up. 

and 

report 

the 

results . 

We  discuss 

the 

results 

and 

describe 

a  model  for 

their 

interpretation . 

Finally,  we  suggest  a  double  modulation 
technique  for  the  detection  of  the  clock 
transition  signal  produced  by  the  zero¬ 
crossing. 

A  preliminary  description  of  the  resulV* 
had  been  published  before  [1]. 

Experimental 

For  the  experimental  set-up  we  have  used 
our  ordinary  commercial  "Physics  Package" 
which  is  installed  in  the  Rubidium 
Frequency  Standard  model  TF-4000A. 
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Fig.  1:  Experimental  set-up;  a  schematic 
drawing . 


Schematic  drawing  is  shown  in  fig.  1- 
The  light  from  a  Rb"  '  lamp  is  being 
filtered  by  a  Rb" *■  filter-cell  and  is 
transmitted  through  a  Rb" 7  resonance- 
cel  1  .  Both  cells  are  located  inside  a 
rectangular  microwave  cavity  which 
resonates  in  a  pseudo  TE101  mode.  The 
cavity  is  being  operated  at  the  clock- 
transition  frequency  that  corresponds  to  a 
magnetic  "C"  field  around  200  mgauss . 

The  magnetic  field  is  induced  by  a  pair 
of  Helmholtz  coils,  to  produce  a  highly 
homogeneous  field.  The  "C”  field  current 
is  modulated,  around  zero,  in  a  square- 
wave  or  a  tr iangle-wave  modulation. 

The  cavity  and  coils  are  magnetically 
shielded  by  a  double  mu-metal  shield.  The 
residual  magnetic  field  in  the  cavity  js 
estimated  to  be  around  1  irgauss. 

The  transmitted  light  is  detected  by  a 
photo  diode  whose  current,  is  preamplified 
and  fed  into  an  oscilloscope  or  a  chart 
recorder.  This  detect  ion- record i ng  chain 
was  verified  to  have  a  flat  response  in 
the  frequency  range  of  interest  (for  exact 
measurements  of  rise  and  decay  times  we 
have  used  the  oscilloscope). 


Results 

Fig.  2  shows  the  transients  that  were 
recorded  with  a  square-wave  modulation 
and,  figs  3-7  exhibit  transients  that 
result  from  a  triangle  wave  modulation. 
"C"  field  modulation  are  depicted  by  the 
upper  graphs  whereas  the  transient  signals 
are  depicted  by  the  lower  graph  in  each 
figure.  Horizontal  time  scale  ranges  and 
"C”  field  rates  of  change  (slopes)  are 
given  in  each  figure. 


Fig.  2:  Transmitted  light,  square-wave 

modulation.  Total  time  (horizontal 
scale)  is  50mS. 


Fig.  3:  Transmitted  light,  t r iangle-wave 
modulation.  Total  time  is  30mS, 
slope  is  50gs/sec. 


Fig.  4:  Transmitted  light,  tr iangle-wave 
modulation.  Total  time  is  50mS, 
slope  is  40gs/sec. 


Fig.  2  and  fig.  3  exhibit  a  similar 
behavior,  where  sharp  positive  signals 
appear  on  each  zero-crossing  and  a  smaller 
but  wider  positive  signals  appear  on  each 
second  zero-crossing. 

Fig3  3  to  7  exhibit  the  development  of  the 
signals  as  we  decrease  the  slope,  dH/dt . 
The  negative  signals  grow,  and  the 


positive  signals  decrease  and  become 
wider . 

In  fig.  8  we  plot  the  positive  signals 
amplitude  and  width  as  a  function  of  the 
slope  dH/dt . 

We  see  that  the  amplitude  increases 
linearly  from  zero  and  reaches  a  constant 
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Fig.  5:  Transmitted  light,  tr i angle- wave 
modulation.  Total  time  is  50mS, 
slope  is  10gs/sec. 


Fig.  6:  Transmitted  light,  triangle-wave 
modulation.  Total  time  is  150mS, 
slope  is  5gs/sec. 


Fig.  7:  Transmitted  light,  triangle-wave 
modulation.  Total  time  is  150mS, 
slope  is  2gs/sec. 


value  around  8  gauss/sec.  On  the  other 
hand,  the  width  is  constant  for  slopes 
less  than  8  gauss/sec  and  decreases 
sharply  for  larger  slopes. 


j - 1 - - - 1 

20  *t0  _  40 

dH/dt  (gysec) 

Fig.  8:  Dependence  of  the  amplitude  and 

width  of  transient  signal  on  the  slope  of 
a  triangle  wave 

•V  -The  frequency  of  triangle  wave  is 
48Hz,  the  amplitude  is  changed 
07  -The  amplitude  of  triangle  wave  is 
0.35GS  the  frequency  is  changed 

Figures  9  and  10  exhibit  the  transient 
signal  intensity  versus  the  microwave 
frequency.  The  intensity  is  detected  in 
the  following  technique:  "C"  field  is 

square-wave  modulated.  This  give  i i=r  to 
transient  signals  at  double  the  modulation 
frequency.  These  are  being  detected  by  a 
Lock- in- Amp  tuned  to  the  2nd  harmonics. 
Then  the  microwave  frequency  is  slowly 
scanned . 

Fig.  9  exhibits  a  wide  scan  of  about 
0.5MHz  centered  around  the  zeio- field, 
clock- transi t ion  frequency.  We  observe 
symmetrical  spectrum  of  7  lines.  These 
lines  are  attributed  to  the  various  •?  and 
x  transitions  as  indicated  in  the  figu/o. 
The  center  line  is  the  narrowest  one  and 
exhibits  side-lobes  which  might  indicate 
some  kind  of  interference  phenomenon. 


A  similar  behavior  is  observed  for  the 
rise-time  and  for  the  decay-time,  (of  the 
positive  signal)  but  is  not  shown  here. 


microwave  frequency,  a  wide  scan. 

The  "C"  field  is  square  wave  modulated  at 
220Hz  and  signal  is  detected  by  a  Lock-in- 
Amp  tuned  to  the  2nd  harmonics. 


Fig.  10  depicts  an  enlargement  of  the 
center  line  together  with  a  plot  of  a  line 
obtained  in  the  traditional  May;  i.e.,  the 
"C"  field  is  kept  constant  around 
300agauss,  the  licroMave  frequency  is 
amplitude  modulated  at  444Hz  and  signal  is 
detected  by  a  Lock-in-Amp  tuned  to  the  2nd 
harmonics.  We  see  that  the  field  nodulated 
line  is  narrower  than  the  frequency 
modulated  line  and  that  it  is  peaked  at 
frequency  that  is  associated  with  a  zero 
"C"  field. 


Fig.  10;  a.  Zero-Crossing  signal  versus 
microwave  frequency,  an  enlargement  of  the 
clock  transition  line.  "C"  field  is 
square-wave  modulated  at  444Hz  and  signal 
is  detected  by  a  Lock- in- Amp  tuned  to  the 
2nd  harmonics. 

b.  Constant  "C"  field  line.  Frequency  is 
amplitude  modulated  at  444Hz  and  signal  is 
detected  via  a  Lock-in-Amp  tuned  to  888Hz, 
”C"  field  is  set  to  300mgauss. 

Discussion 

We  concentrate  mostly  on  the  observations 
that  are  related  to  the  center  line  (fig. 
9)  and  present  a  preliminary  model  to 
explain  some  of  the  features.  A  more 
comprehensive  analysis  shall  be  published 
elsewhere . 

The  transient  signals  that  are  observed  in 
figures  2  to  7  are  associated  with  the 
zero-crossing  of  the  magnetic  field. 
However,  as  seen  from  fig.  8  we  have  two 
regions  of  interest:  (a)  a  rapid  zero- 

passage  region,  where  dH/dt>8  gauss/sec 
and  (b)  a  slow-zero  passage,  where 
dH/dt<8  gauss/sec. 

The  first  region  is  attributed  to  non- 
adiabatic  dephasing  phenomena,  in  the 
following  model. 

The  adiabatic  condition  states  that  the 
relative  field  variation  must  be  smaller 
then  the  Larnor  precession  frequency,  i.e. 

( 1 /H ) ( dH/dt )  <  |)|-H  (1) 

where  | £ | =2p, / ( 21+ 1 )  is  the 

gyromagnet ic- ratio,  pa  is  the  Bohr 
magneton  and  1  is  the  nuclear  spin. 


For  a  given  slope,  dH/dt,  the  condition 
(1)  breaks  down  for  H  <  B» ,  where  H» 
is  defined  by  the  equation, 

1/Ht (dH/dt)- | l jH.  (2) 

We  define  a  non-adiabatic  region  in  the 
H-t  plane  by  H  <  Ht  and  t  <  i,  (see 
f ig. 1 1  )  where 

r.-H,/ (dH/dt)  (3) 

combining  (2)  and  (3)  we  obtain 


J | -4dH/dt  (4) 


Fig. 11:  Illustrating  the  non-adiabatic 

region,  in  the  H-t  plane. 

In  fig.  12  we  redraw  the  data  of  fig.  8. 

2/ (width)  is  plotted  versus  the  square- 
root  of  dH/dt.  In  the  fast  passage  region 
(dH/dt >  8gauss/sec),  we  obtain  a  straight 
line  with  slope  of 

0 . 7x1 03 (sec -gauss )  1  '  '  .  This  is  the 

same  order  of  magnitude  as 

4|]J|-2.1x103  (sec -  gauss )  ’  '  ’  . 

Thus,  we  see  that  equation  (4)  roughly 
predicts  the  experimental  data. 

The  experimental  line  in  fig.  12,  however, 
does  not  cross  zero,  as  predicted  by 
equation  (4).  This  might  happen  due  to 
residual  magnetic  fields  and  hysteresis  of 
magnetic  materials  that  are  not  included 
in  the  model. 


Fig.  12:  Signal  width  dependence  on  dH/dt 
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The  mechanise  for  the  generation  of  the 
transient  signals  in  the  fast  zero  passage 
region  is  as  follows.  Under  a  steady  state 
conditions  (constant  "C"  field)  we  have  a 
steady  light  absorption  which  is 
proportional  to  the  number  of  Rb“  ’  atoms 
( N l )  in  the  ground  state  (F=1,  m,=0) 

of  the  hyperfine  structure.  As  the  system 
goes  through  the  non-adiabatic  region  the 
Zeeman  sublevels  are  no  longer  defined, 
the  Rb  atoms  loose  coherence  with  the 
microwave  radiation  at  6.834..  GHz,  and 
T, ,  the  dephasing  time,  goes  to  zero. 

This,  has  the  same  effect  as  turning  off 
the  microwave  for  a  period  of  2-r». 
This,  in  turn,  decreases  N,  and  the 
light  absorption  decreases.  Thus,  we 
obtain  positive  signals  with  width  of 
2ta .  Negative  signals,  on  the  other 
hand,  are  attributed  to  a  constructive  in¬ 
phasing  phenomena  whereas  several 
transitions  between  the  Zeeman  sublevels 
combine  in  phase  to  increase  Ni .  This  is 
also  indicated  by  the  side-lobes  around 
the  central  line  in  fig.  9. 

In  the  slow  passage  region,  i.e., 
dH/dt<  8gauss/sec,  the  width  of  the  signal 
and  T,  are  dominated  by  thermal 
relaxation  processes,  and  therefore  are 
not  dependent  on  dH/dt  as  exhibited  in 
fig.  8 . 

Finally,  a  note  concerning  the  non-central 
lines  in  fig.  8.  These  are  attributed  to 
the  various  x  and  a  transitions  between 
the  (F-2,  »,  ,  )  and  (F=t,  mf  ,  ) , 

Am, =0,t1  as  indicated  in  the  figure. 

(The  existence  of  the  x  lines  is  evidence 
of  a  microwave  magnetic  field 

perpendicular  to  the  "C”  field.  This  is 
due  to  the  field  line  shape  of  our  TE101 
cavity ) . 

The  non-central  lines  cannot  be  related  to 
a  zero  magnetic  field.  They  are  generated 
by  a  square-wave  modulation  where  the  MC" 
field  is  being  modulated  between  (+)  and 
(-)  approximately  200mgauss. 

Now,  consider,  for  instance  the  o 
transition  (2,1)  (1,1). 

Its  frequency  dependence  on  H  is, 

f=f„+b-H  b= 1 . 4MHz/gauss  (5) 

and  its  width  is  approximately  7KHz,  or 
5mgauss  in  terms  of  magnetic  field. 

As  the  field  changes  between  (+)  and  (-), 
it  rapidly  departs  the  (+)  resonance  and 
enters  the  (-)  resonance.  The  spins  cannot 
follow  adiabatically  this  field  reversal, 
hence  we  obtain  a  non-adiabatic  signal  as 
explained  before.  However,  in  this  case  it 
is  dependent  on  the  magnetic  field  (the 
amplitude  of  the  square-wave)  via  equation 
(5)  . 


Detection  of  the  clock  transition 

As  seen  from  fig.  10  magnetic  field  zero¬ 
crossing  generates  a  line  which  is 
centered  around  the  zero-field  transition 
frequency.  This  line  is  narrower  than  the 
conventional  line  and  thus  can  be  used  to 
lock.  the  servo- loop  in  a  rubidium 
frequency  standard.  According  to  our 
interpretation  this  line  is  generated  by  a 
constructive  and  destructive  interference 
between  the  Zeeman  sublevels  of  the 
hyperfine  structure.  Thus,  we  expect  a 
stronger  signal.  The  short-term-  stability 
is  a  function  of  the  signal -to-noise  ratio 
and  the  line  Q,  or  the  linewidth.  The 
noise,  however,  have  not  been  measured  so 
far  in  our  experiment. 

Assuming,  no  degradation  in  the  noise 
figure,  we  can  expect  a  better  short-term- 
stabi 1 ity . 

Fig.  13  presents  a  scheme  for  the 

detection  of  the  signal  generated  by  zero¬ 
crossing  and  for  locking  the  servo-loop. 
The  "C"  field  is  being  modulated  at  400Hz 
and  the  microwave  frequency  is  modulated 
at  lower  frequency  of  100Hz.  The  output 
signal  from  the  photo-diode  is  first 
detected  by  a  2nd  harmonic  detector,  to 
produce  a  dc  signal  whose  line  shape  is 
shown  in  fig.  10.  Then,  the  frequency 
modulation  at  100Hz  is  detected  by  a  1st 
harmonic  detector  to  produce  the  error 
curve  (the  disc;  .ninator  pattern)  in  the 
conventional  scheme. 

The  main  advantage  of  this  technique  is 
the  canceling  of  the  sensitivity  to 
external  magnetic  field,  since  the  signal 
is  generated  when  the  total  magnetic  field 
is  nearly  zero. 


Fig.  13:  A  suggested  scheme  for  the 
detection  of  the  zero-crossing  signal  and 
for  locking  the  servo-loop  in  a  rubidium- 
frequency-standard  . 
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Summary 


When  the  aagnetic  field  of  an  optically 
pumped  Rb  vapor  crosses  zero  or  reverse 
sign,  in  the  presence  of  a  microwave  EM 
field  positive  and  negative  transient 
signals  are  generated  in  the  transmitted 
light  intensity.  We  have  associated  these 
signals  to  a  non-adiabatic  dephasing  of 
the  Zeeman  sublevels.  We  have  suggested  a 
scheme  for  the  application  of  the  zero¬ 
crossing  signals  in  a  rubidium  frequency 
standard . 

However  the  work  described  in  this  paper 
is  not  completed  and  additional  study  of 
the  basic  phenomena  as  well  as  its 
application  is  planned. 
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Abs  t  rac  t 

Rubidium  atomic  oscillators  c'RbOSCs)  are 
widely  applied  in  many  systems.  In  most  cases,  they 
are  used  as  "independent  frequency  reference 
sources".  Recently,  however,  it  has  also  become 
inpuftant  to  use  them  under  "mutually  synchronized” 
t.ond  i  t  ions. 

Pie  authors  have  developed  a  digitally  con¬ 
trolled  rubidium  oscillator  <1X1170) ,  which  can 

_o 

synchronise  another  frequency  source.  The  ±  3X10 
wide  frequency  control  range  with  good  linearity  and 
1X111  *“  lint!  control  step  are  highlighted. 

In  order  to  achieve  the  wide  frequency  range 
with  the  fine  step,  a  synthesizer  was  deve  loped 
white  has  tli roe  stage  phase  locked  loop  oscillators 
with  variable  frequency  dividers.  Data  for  control¬ 
ling  liic  frequency  dividers,  written  in  a  3Mb  i  t  ROM, 
was  calculated  using  a  computer. 

Along  with  c?  y  <r)  =11X1 0_1'^/r  i  m  t  me  frequency 
stability,  a  more  than  20  year  long  life  and  com¬ 
pactness  were  realized,  which  can  easily  satisfy 
telecommunications  and  broadcasting  system 

requ  i  rumen  ts. 


Introduc t ion 

RbOSCs  are  becoming  widjly  used  as  compact  and 
practical  frequency  sources.  In  most  cases,  they 
are  used  as  independent  frequency  standards. 
Recently,  their  reliability  has  been  markedly  im¬ 
proved  and  their  size  has  been  reduced  as  well. 
Therefore,  it  is  foreseen  that  RbOSC  will  be  used  in 
a  new  concept  equipment;  such  as  "High  quality 
synchronized  network"  or  "Highly  accurate  frequency 
sources”. 

Figure  1  shows  the  permissible  time  interval 
error  for  communication  systems.  A  Cesium  Frequency 
Standard  (CsOSC)  is  necessary  to  meet  the  necessary 
less  than  1  X 1 0  **  long  term  frequency  stability. 
Also,  the  phase  locked  loop  Crystal  Oscillator 
(XLOSC)  was  available  to  meet  the  requirements  for 
short  term  frequency  stability,  such  as  the  range 
between  1  second  and  1  million  seconds.  However,  if 
the  synchronization  should  be  interrupted  for  some 
reason,  a  serious  network  quality  deterioration 
would  occur,  since  the  XLOSCs  do  not  have  sufficient 
self  running  frequency  stability.  Therefore,  if  a 
compact,  practical  and  frequency  controllable  RbOSC 
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Fig.  1.  Time  interval  error 
(CCITT  G.  811) 
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could  be  realized,  the  network  system  quality  would 
be  rapidly  improved.  Implementing  these  factors 
resulting  a  high  quality  synchronized  network. 

The  authors  would  like  to  propose  a  new 
concept.  Previously,  RbOSC  had  "Excellent  Frequency 
Stability'  and  XLOSC  had  "Wide  Frequency  Control 
Range”, "Long  Life  Time",  and  "Compact  Size".  The 
authors’  target  was  to  realize  a  new  frequency 
source,  which  has  both  RbOSC  advantages  and  XLOSC 
advantages. 


Basic  approach 


Design  target 

The  main  design  targets  for  the  DCRO  are: 


OMU :  Oitlcll 

M  I  cunil 
Uall 

VCO:  Vtltua 

Coit  ro I  1  •  <J 
Oi c  I  I  liter 
MIX:  Frequency 

a  I  x  •  r 


IC-P1ELD  CONTROL  METHOD] 


. - -Hd/dI 


IFREQ.  SYNTHES  I ZER  CONTROL 


MULT:  Frequency 
au  1  t  I  p  I  1  « r 
SYNTH:  Priquucy 

lyothu  1  s  •  r 
D/A :  D I | I t  t I -Aai I  o| 
converter 

D/D :  Dliltnl-Dtiltnl 
converter 


METHOD] 


1.  Digital  frequency  control 

2.  IX10-12  frequency  control  step 

3.  F3X10-®  frequency  control  range 

Digital  frequency  control  function  is  useful 
to  realize  lengthy  time  constant,  in  consideration 
of  the  DCRO  application  fields. 

Next,  consider  frequency  control  accuracy. 
XLOSC  and  RbOSC,  which  have  a  flicker  floor  on  the 
order  of  10~12,  have  a  practically  significant 

frequency  control  accuracy  of  approximately 
1  X  10'12. 

Along  with  this  feature,  in  consideration  of 
the  frequency  control  range,  the  X1X)SC  stability  is 
on  the  of  the  order  of  10“®.  For  an  oscillator  of 
this  type  to  make  a  frequency  variable  with  a  digi¬ 
tal  input,  a  ±3.  3  X  lU_®f requency  control  range  is 
considered  appropriate,  since  the  oscillator  matches 
beneficially  with  on  LSI  universally  applicable  at  8 
bits  or  16  bits,  (see  Table  1). 


TARGET  PERFORMANCES 

BACKGROUND  ITEMS 

DIGITAL  FREQUENCY  CONTROL 

«  To  Realize  Lenjtky  tiwe  constant 

FREQUENCY  CONTROL  STEP 

(1X1  0>J) 

a  Flicker  floor  for  XLOSC  1  RbOSC 

FREQUENCY  CONTROL  RANGE 
(:l  1  X  I0‘* 

<=1  xlO"la  X  2  “) 

•  XLOSC  Stability 

•  Interface  to  digital  1C 

Table  1.  DCRO  design  target 


Fig.  2.  Blockd  iagrams  for  frequency  control  methods 

To  make  an  atomic  resonant  frequency  vary,  one 
method  generally  used  is  the  C-field  added  to  a 
rubidium  resonant  cell,  with  its  intensity  and 
resonant  frequency  changed  externally.  This  is 
called  the  C-field  control  method. 

To  control  the  servo  loop  in  RbOSC,  the 
simplest  method  is  to  control  the  synthetic  ratio 
for  frequency  synthesizers  in  the  RbOSC.  This  is 
called  the  frequency  synthesizer  control  method. 

The  C-field  control  method  has  a  simple  cir¬ 
cuit  configuration.  Nevertheless,  it  has  the  fol¬ 
lowing  two  disadvantages: 

First,  the  RbOSC  output  frequency  varies  in 
proportion  to  the  square  of  a  C-field  strength.  To 
provide  a  wider  variable  frequency  range,  the  non¬ 
linearity  of  an  output  frequency  will  become 
problemat  ical. 

Second,  it  is  necessary  to  apply  a  large  cur¬ 
rent  in  the  C-field  beforehand,  to  provide  a  wider 
variable  frequency  range.  This  involves  the  problem 
that,  especially  if  a  small  cavity  type  were 
employed,  it  would  disturb  the  C-field  uniformity 
and  the  resonant  frequency  changes  excessively,  in 
relation  to  the  level  fluctuation  for  an  input 
micro-wave  signal  for  the  cell  in  the  cavity.  As  a 
result,  this  large  current  disturbs  the  RbOSC 
frequency  stability. 

Therefore,  the  authors  adopted  the  frequency 
synthesizer  method. 


Frequency  control  method 

There  are  two  possible  methods  to  make  a  RbOSC 
change  its  output  frequency. 

Figure  2  shows  blockd iagrams  for  these 
frequency  control  methods.  One  is  to  vary  the 
rubidium  atoms  resonant  frequency.  The  other  is  to 
control  the  servo  loop  in  the  RbOSC. 


Synthesizer  configuration 

Another  approach  which  could  be  chosen  would 
be  to  select  an  appropriate  synthesizer 
configuration.  The  frequency  synthesizer  control 
method  makes  the  frequency  vary  effectively. 
Nevertheless,  it  should  be  noted  that  the  frequency 
synthesizer  control  method  has  a  small  loop  in  the 
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synthesizer  and  a  targe  loop  in  the  RbOSC,  which  are 
controlled  separately.  It  is  necessary,  therefore, 
to  materialize  a  frequency  synthesizer  responsive  at 
a  speed  high  enough  not  to  affect  the  RbOSC  loop. 
Hie  frequency  synthesizer  control  method  also  has  a 
circuit  configuration  which  is  more  complicated  than 
that  for  the  C-field  control  method.  The  roost  im¬ 
portant  problem  to  be  solved  is  to  develop  a  syn¬ 
thesizer  unit  with  wide  frequency  control  range, 
good  linearity.  fine  frequency  control  steps  and 
fast  response  time  in  a  simple  circuitry. 


A  phase-locked  loop  oscillator  could  be  effec¬ 
tively  used  to  form  a  simple  circuitry.  It  has  only 
one  frequency  divider  and  permits  response  speed  to 
rise  easily,  while  still  allowing  simple  circuitry 
configuration.  If  it  is  desired  to  realize  a  wide 
frequency  control  range  with  fine  steps,  only  a  one 
stage,  synthesizer  and  a  two  stage  synthesizer  would 
not  enough  to  realize  the  required  "lock  range", 
"Response  time"  and  "Control  error".  rhe  authors 
have  designed  a  frequency  synthesizer  to  cope  with 
this  problem,  in  which  throe  stages  of  sampling 
phase- locked  loop  oscillator  are  connected  in  series 
to  mater iai i/o  the  desired  performances. 


fig.  3.  Synthesizer  blockdiagram 


FREQUENCY  SYNTHESIS  RATIO 
k.i.la  la.l _ /  Nfl  yu+i  V  UC  \ 

f  I  f  |  fSI  fa  \  N  A  M  A  L  / 


■  (tl 


RESPONSE 
1  1 
'■-Tf-ST  * 


T  I  HE 


M,  N,  L:  Division  ratio 
c:  Inteira!  number 

f.:  Cut  off  frequency  IH*] 

A:  VCXO  Sensitivity  [Hx/VJ 

a:  Sampling  Phase 

Comparator  Sensitivity  [V/r»d] 


Figure  3  is  a  blockdiagram  of  the  three-stage 
phase-locked  loop  oscillator.  For  control  inputs, 
N,  M  and  L  are  determined  as  frequency  division 
ratios  for  the  phase-locked  loop  oscillator.  The 
circuit  is  designed  so  as  to  allow  the  three  phase- 
locked  loop  oscillator  to  be  synchronized  in  series, 
in  this  case.  Frequency  Synthesizing  Ratio  k  may  be 
expressed  as  Hq.  (1).  The  response  speed  for  this 
phase- locked  loop  oscillator,  is  dependent  upon 
Voltage  Controlled  Oscillator  <VCO)  Sensitivity  A 
and  Sampling  Phase  Comparator  Sensitivity  a 
expressed  as  Eq.  (2).  It  is  determined,  based  on  the 


lowest  response  speed  in  the  three  stages. 

Recently,  a  response  speed  of  approximately  1  ms  was 
obtained  as  a  theoretical  value.  Compared  with  the 
0.5  thru  1  second  time  constant  for  the  loop  in  the 
RbOSC  as  a  whole,  a  satisfactorily  high  speed 
characteristic  was  available. 

Division  ratio  calculation 


Once  a  circuit  configuration  has  been 
determined,  the  frequency  may  be  made  variable  when 
values  N,  M  and  L  can  be  determined.  The  DCRO  con¬ 
figuration  is  such  that  16-bit  data  are  used  for 
control  inputs,  so  that  the  frequency  will  be  con¬ 
tinuously  variable,  with  values  N,  M  and  L  recorded 
in  their  memories.  in  order  to  linearly  move  a 
frequency  synthesizer  output,  N,  M  and  L  are 
generally  not  continuous  and  have  random  values. 

Table  ‘2  shows  a  control  data  example.  The 
control  data  specifies  the  RbOSC  output  frequency, 
and  data  8000  corresponds  lo  the  fQ  frequency.  Data 
0000  corresponds  to  Ihe  minimum  frequency  and  Data 
FT'FF  corresponds  to  the  maximum  frequency  for  the 
RbOSC.  Concerning  file  f  area,  for  example,  if  data 
7FFF  is  given,  the  frequency  synthesizer  is  offset 
about  0.007Hz  from  the  center  frequency  and  the 
RbOSC  output  is  controlled  to  -1X10  This  divi¬ 
sion  ratio  was  calculated  by  computer  to  obtain  an 
optimum  combination  of  L,  M  and  N. 


CONTROL 

DATA 

(HEX) 

ESI 

ESI 

8000 

800  1 

L 

583 

566 

550 

5  50 

DIVISION 

. -  -• 

-  ■  .... 

M 

3  1  26 

3266 

32  12 

3  14  8 

RATIO 

N 

2902 

3  14  6 

3  024 

3083 

sYvnesizEi 

WEQUOCY 

Hi) 

5.312.72)  962 

5.312.500.007 

5.312.500.000 

5. 31 2. 499.994 

5.312.274  049 

RPVlfl 

0 

BEalll 

Table  2.  A  control  data  example 


smmesis  ratio  it, 

CONTROL  BtfiC*  <  I  D ,)- It ,  -  »  D , 


Fig.  4.  Algorithm  to  obtain  .V,  M.  L  &  C 
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In  order  to  appropriately  choose  the  \,  M  and 
1-  values,  the  authors  have  adopted  the  following 
me  tiiod. 

bigure  ‘l  shows  how  to  obtain  the  division 
fat  i  o.  Initially,  the  range  for  synthesis  ratio  k, 
division  ratio  N,  M,  1.  and  F  are  set.  \cxt  a  corn- 
Li  in.it  ion  of  M,  I.  and  C  is  selected  and  imple- 

nen  ted  and  synthesis  ratio  k  is  obtained.  II  the  k 
value  is  within  the  k  min.  and  k  max.  range,  it  is 
compared  to  the  ideal  value.  Tin;  difference  is 
defined  to  control  error  £Cl)>.  For  example,  after 
£  vDI  ’  is  stored,  another  combination  of  N,  M,  [.  and 
i  is  given  arid  £.'  ( D'J  i  are  obtained.  If  the  absolute 
value  of  £tOI>  is  smaller  than  that  of  £<Dl>,  £  <D2) 

is  stored.  Repeating  this  calculation,  optimum 
values  in  a  combination  of  \,  M,  l.  are  obtained. 

S t ah  ;  I  i z  i ng  resonant  frequency 

The  frequency  synthesizer  must  cover  the 
frequency  control  range  and  the  dispersion  range  for 
rubidium  gas  cell  resonant  frequency.  Suffer  gas  is 
sealed  in  the  rubidium  gas  cell,  to  reduce  the  Dop¬ 
pler  width.  Fonversety,  however,  the  atomic 
re.auijri  t  1  requency  varies  with  a  dispersion  of 
.moled  gas  pressure.  To  mass-produce  the  RbOSC. 
theri  fore,  the  rubidium  gas  op  1  1  must  have  a 
rc.mnant  1  requency  as  constant  as  possible. 

■Ml  rubidium  resonant  cells  are  operated  under 
controlled  temperature  conditions.  Therefore, 
if  it  i.»  desired  to  stabilize  the  resonant  frequency 
tor  the  gas  coll,  it  is  effective  to  stabilize  the 
number  ot  molecules  in  the  buffer  gas.  To  produce  a 
rubidium  resonant  cell,  the  authors  have  developed 
the  following  new  methods. 

1.  controlling  the  scaling  pressure  in  the  cell, 
according  to  the  manufacture  stage  ambient 
tempera  tu  re. 

2.  Stabilizing  cell  temperature  with  an  air  cool¬ 
ing  system  when  chipping  off  the  gas  cell. 

Thus,  the  rubidium  resonant  frequency  has  been 
tab  i  I  i  zed  to  a  la  ~2t)!l>  dispersion  level. 

DCliO  construction 

I’hoto  1  shows  a  rear  view  of  the  DCRO 
prototype.  It  is  separated  into  the  synthesizer 
unit  and  the  RbOSC  unit. 

I'huto  2  shows  the  synthesizer  unit  for  the 
IXIRO.  The  three-stage  phase- 1 ocked  loop  oscillator 
is  found  at  the  left  side  of  this  photo.  The  upper 
right  area  shows  an  input  port  for  control  data. 
This  synthesizer  employs  five  hT'ROMs.  The  division 
r.jfio  for  the  frequency  synthesizer  is  written  in 


Photo  I  DCRO  Rear  view 


Photo  2  Synthesizer  unit 


Photo  3  Rubidium  oscillator  unit 


the  ROMs.  [Tie  total  BHrOM  capacity  is  2.  SMbits. 

Photo  3  shows  the  RbOSC  unit.  It  is  also  pos¬ 
sible  to  use  it  as  an  independent  frequency  standard. 

Imerovemen  t  in  lifetime 

To  achieve  the  reliability  at  a  level  identi¬ 
cal  with  the  level  of  a  XI.OSC,  the  authors  have  also 
prolonged  the  life  of  both  rubidium  lamps  and 
rubidium  resonant  cells.  Rubidium  cells  have  their 
operating  1  i  le  reduced,  possibly  due  to  the  follow¬ 
ing  factors: 

1.  A  residual  amount  of  metal  has  decreased,  due 
to  rubidium  metal  reaction  with  glass. 


2.  Q  has  dropped,  due  to  rubidium  metal 
d  ispers  ion. 


Photo  -1  Rubidium  resonant  cell  and  rubidium  lamps 


Photo  5  Rubidium  lamp  evaluation  equipment 


Calendar  Year 

Fig.  5.  Improvement  In  optical  device  life 

Fhe  authors  have  noted  that  the  speed  of  * 
reaction  between  rubidium  metal  and  glass  and  the 
diffusion  rate  vary  according  to  the  surface  condi¬ 
tion  of  glass.  Ihus,  cons  idul a  l  ion  was  paid  to 

1.  A  thermal  design  to  prevent  Rb  metal  from 
d  i  f  f  us  ing. 

2.  An  imp  i  overmen  t  in  glass  material  and  surface 
cond  i  t  ions. 

The  authors  have  designed  and  evaluated  the 
rubidium  lamps  and  cells.  Photo  4  shows  the  Rb 

cells.  No.  1  is  the  Rb  resonant  cell.  No.  2  is  the 
Rb  lamp  (used  in  the  DCMO).  No.  3  is  the  same  kind 
as  No.  2.  and  was  tested  for  more  than  2U  years  in 
NBC. 

Photo  5  shows  Rb  lamp  evaluation  equipment. 
32  lamps  are  tested  for  all  together  in  one  rack. 

Rubidium  lamp  reliability  was  discussed  by  NBC 
personnel  in  this  symposium  in  1974.  Prior  to 
making  that  report,  efforts  were  continuously  made 
to  improve  the  rubidium  lamp  and  resonant  cell.  NFC 
has  conducted  a  long-term  aging  test  for  over  20 
years  on  the  rubidium  lamp  and  have  confirmed  that 
the  emitted  light  is  stable.  Concerning  the 
rubidium  gas  cell,  moreover,  long-term  aging  tests 
have  been  conducted.  Results  have  confirmed  that  Q 
and  rubidium  absorption  are  stable.  Figure  5  shows 
the  improvement  in  optical  device  life.  More  than 
20  year  life  time  can  be  expected  for  the  rubidium 
lamp  and  rubidium  resonant  cell. 

Test  data 

Figure  6  shows  frequency  control 

characteristics.  The  upper  characteristics  line  in¬ 
dicated  the  RbOSC  output,  determined  by  phase  change 
vs.  time  lapse  with  the  DCRO  control  data  input 


63 


pfsi-dP/ dT-N/OBB.f'oj) 


ROL  WtTfl 

*T  I 


iBM  CIM  INI 

ELRP8ED  TIME  T(««o> 


i  DATA  CENERATDk 
/  :  FREQUENCY  DIVIDER  U/10'24) 

:  RECORDER 

:  IIU-jQUENCY  REFERENCE 
[  MEASIIUW;  SYSTEM  UL0CKD1ACRAM 


CONTROL  DRTR  (HEX) 


Kir.  6.  Frequency  con  t  r o  1  charac te r  is  t  ic 


ll_ 

■ 

BBIIIIIBBB 

Ml 

■§■■■■  II  lIBi 

Mlllim 

■IB 

■1 

■■1111 

Sltlff 

:i;i= 

iim 

■■■■■IIIMi 

mmmuuiwm 

■mum 

SSSSSSSi^S 

BBVIIIIIH1 

mum 

SS 

II 

■■■■II 

■mil 

i  mi 

i 

■SaniiHBi 

BIIIIIIBB 

ilium 

BSSSSSaSSSS 

■fBIIIIHBi 

■mum 

mu 

|| 

SSSaiS 

■mu 

!!!!!! 

SaSiSSS 

ssj» 

■■■■iniaH 

MBIIIIIIflm 

811!!! 

SSSSSSSiSSS 

■ftSHIIH 

llliihj  1 

tfBMIlll 

BBBIIIII 

III!!!!! 

■■■■•SS 

lltllHH 

HUH- 

■ 

■■■IIUMBI 

BBIIIIIBBB 

■ilium 

SSSSSSSiSS 

MMIIIIliH 

■mum 

SSaSSSaSai 

MBIIIIII 

■■inm 

IX;i»  short  ten  frequency  stabilit 


TIME  (sac) 

ITEM 

PERFORMANCE 

OBSERVAT I  ON 

FREfl.  CONTROL 

Raoje  ±3X10'® 
Step  1  x  1  O'1® 

1  6 Bit  deti  control 

SHORT  TERM 

FREq.  STABILITY 

6X1  O'1®  /  r  •'* 

1-1  OOOjec. 

FREQ-  TEMPERA TURK 
CHARACTARISTICS 

2  x  1  O'1®/**. 

0-5  ot: 

Table  3.  DCRO  performance 

LIFE  TIME 

>20  yeers 

DIMENSIONS 

1  1  Obi  height 

8  9m  width 

12  3m  length 

2kg  weight 

MITHOUT  CONTROL  UNIT 


forced  to  change  from  "0000"  to  'FFFF".  The  lower 
characteristics  line  is  converted  into  A  f/f  and 
HEX  data.  It  may  be  concluded,  from  this,  that  the 
frequency  is  varying  smoothly  and  linearly  within  a 
wide  range  of  frequencies. 

Figure  7  shows  typical  characteristic  short¬ 
term  frequency  stability.  In  this  DCRO,  no  filter 
ceil  was  employed,  to  make  its  configuration  simple. 
Nevertheless,  a  favorable  short-term  frequency 
st  ability  of  O  y  (  r )  =6X10  T  1  2  was  ach  ieved. 

The  main  DCRO  performances  are  shown  Table  3. 
Excellent  frequency  control  characteristics, 
frequency  stability,  long  life  and  compactness  were 
real  ized. 

Cone  lus  ion 


(5)  M.  Arditi  and  T.  fi.  Carver,  "Pressure,  I  ight, 
and  Temperature  Shifts  in  Optical  Detection  of 
0~C  Hyperfine  Resonance  of  Alkali  Metals," 
Phys.  Rev.  ,  124,  3,  pp.  800*809,  November  1,  1961. 
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The  authors  have  proposed  a  new  kind  of  oscil¬ 
lator  DCRO,  which  includes  both  RbOSC  advantages  and 
XL0SC  advantages.  The  DCRC  development  was 
successful.  Results  involved  excellent  frequency 
control  characteristics,  excellent  frequency 
stability,  long  life  time  and  compact  size.  The 
authors  expect  that  such  DCROs  will  be  used  as  new 
frequency  standards  and  will  expand  their  applica¬ 
tion  fields  in  the  future. 


(91  W.  E.  Bell,  et  al.,  "Alkali  Metal  Vapor 
Spectral  Lamps,"  R.  S.  1.  ,  32.  6,  pp  .688-692,  June 
1961. 
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PERFORMANCE  OF  SAO  MODEL  VLG-12  ADVANCED  HYDROGEN  MASERS 

Edward  M.  Mattison  and  Robert  F.C.  Vessot 

Smithsonian  Astrophysical  Observatory 
Cambridge,  Massachusetts  02138 


Abstract 

The  SAO  model  VLG-12  hydrogen  maser 
incoiporatcs  several  technological  advances,  including 
a  single-state  atomic  selection  system,  improved  bulb 
collimation,  a  metal-sealed  vacuum  system,  sorption 
vacuum  pumps,  a  digital  frequency  synthesizer  and  a 
digital  monitoring  and  control  system.  We  describe 
the  performance  of  two  VLG-12  masers  that  have 
operated  at  the  U.S.  Naval  Observatory  since  October 
1989.  We  discuss  the  effectiveness  of  the  single-state 
selection  system  and  of  the  storage  bulb  coatings.  The 
masers’  initial  frequency  drift  rates  of  several  parts  in 
10*5  per  day  decreased  by  factors  of  2  to  4  over  a 
period  of  200  days. 

Introduction 

The  model  VLG-12  hydrogen  maser, 
produced  by  the  Smithsonian  Astrophysical 
Observatory,  incorporates  several  technological 
improvements  designed  to  provide  increased 
frequency  stability  and  operating  reliability.  Two 
VLG-12  masers  (designated  P24  and  P25)  have  been 
in  operation  at  the  United  States  Naval  Observatory 
(USNO)  since  October,  1989.  Here  we  describe 
novel  features  of  the  VLG-12  maser  and 
measurements  of  the  masers’  performance. 

Features  of  VLG-12  masers 

A  major  innovation  in  the  VLG-12  maser  is 
the  inclusion  of  a  single-state  hydrogen  beam  selection 
systcml 1 1.  In  the  traditional  state-selection  scheme,  a 
hcxapolc  magnet  immediately  following  the  maser’s 
hydrogen  dissociator  removes  from  the  atomic 
hydrogen  beam  atoms  in  the  (F  =  0,  mp  =  0)  and 
(F  =  1 ,  mp  =  -1)  hypcrfinc  states  (referred  to  as  the 
“a”  and  “b”states),  leaving  (F  =  1,  mp  =  0  and  1) 
stale  atoms  (states  “c”  and  “d”)  to  enter  the  maser’s 
interaction  region.  The  d-state  atoms  do  not  contribute 
to  maser  oscillation,  but  broaden  the  atomic  linewidth 
by  spin-exchange  relaxation,  thus  increasing  cavity 
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pullingt2!  of  the  maser  oscillation  frequency.  The 
presence  of  d-state  atoms  also  creates  the  possibility  of 
frequency  shifts  that  depend  upon  hydrogen  density 
and  magnetic  field  inhomogcneitics. 

In  the  VLG-12’s  single-state  selection  system 
the  first  hcxapolc  magnet  is  followed  by  an  adiabatic 
fast  passage  (AFP)  state  inversion  mcchanisml3lthat 
transfers  d-state  atoms  into  the  b  state,  leaving  the  c- 
statc  atoms  unchanged.  A  second  hcxapolc  magnet 
then  removes  the  b-state  atoms,  leaving  a  beam  of 
atoms  almost  entirely  in  the  desired  c  state.  By 
eliminating  unnecessary  spin-exchange  relaxation,  the 
single-state  selection  system  reduces  the  atomic 
linewidth  and  thus  the  effect  of  cavity  frequency 
pulling.  In  addition,  by  removing  atoms  in  other  than 
the  c  state,  the  system  substantially  reduces  frequency 
shifts  caused  by  magnetic  field  inhomogcneitics. 

The  storage  bulb’s  entrance  aperture  is 
equipped  with  multiple  Teflon  tubes  that  increase  the 
bulb’s  atomic  storage  time  and  decrease  the  maser’s 
linewidth,  thus  reducing  the  effect  of  cavity  pulling. 
The  increased  long-term  stability  resulting  from  the 
narrow  linewidth  is  important  in  frequency  standards 
to  be  used  for  timekeeping. 

Operational  reliability  is  improved  through  the 
use  of  a  vacuum  system  employing  all  metal  seals, 
thus  avoiding  low-level  leaks  and  outgassing  that  can 
result  from  elastomer  seals.  The  hydrogen  dissociator 
bulb  is  located  within  the  vacuum  envelope  and  is 
sealed  with  indium  to  eliminate  the  need  for  either 
glass-to-mctal  or  elastomer  seals.  Hydrogen  is 
removed  by  sorption  vacuum  pumps  that  require  no 
operating  power.  A  small  ion  pump  removes  residual 
gasses  produced  from  outgassing  of  the  maser’s 
components. 

The  VLG-12’s  rf  receiver  system  is  equipped 
with  a  computer-controllable  digital  frequency 
synthesizer!4!  with  a  frequency  resolution  of  7  parts  in 
1018.  This  high  resolution  allows  the  maser’s  output 
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frequency  to  be  closely  matched  to  that  of  another 
oscillator  or  to  a  calculated  time  scale.  A  digital 
control  and  monitoring  system!5!  permits  external 
computer  control  of  the  maser’s  hydrogen  beam  flux, 
cavity-tuning  varactor  diode  voltage,  and  synthesizer 
frequency.  The  system  monitors  32  channels  of 
maser  operating  parameters  and  stores  up  to  1024  sets 
of  automatically  recorded  data  in  non-volatile  memory 
that  is  accessible  by  an  external  computer. 

Density-independent  relaxation  rate  and  state 
selection  effectiveness 

The  density-independent  relaxation  rate  "ft  and 
the  quality  parameter  q  are  performance  measures  of 
the  maser’s  atom  storage  mechanism  and  of  its  state 
selection  system,  Yt  is  the  total  atomic  relaxation  rate 
due  to  mechanisms  independent  of  the  hydrogen 
density  in  the  storage  bulb  -  that  is,  other  than  spin 
exchange  relaxation.  Assuming  that  for  each  of  these 
mechanisms  the  longitudinal  and  transverse  relaxation 
rates  are  equal,  Yl  =  72.  Tit  can  be  written  as 

Yt  =  7b  +  Yr  +  Ym  +  Y/  0) 

Here  7b  is  the  escape  rate  of  atoms  through  the  bulb’s 
entrance  collimator,  yT  is  the  rate  of  loss  of  hydrogen 
atoms  due  to  recombination  on  the  bulb’s  storage 
surface,  ym  is  the  spin  relaxation  rate  due  to  magnetic 
field  inhomogeneities  in  the  storage  region,  and  y 
represents  any  other  density-independent  relaxation 
process  for  which  Yl  =  Y2.  Generally,  the  first  three 
terms  on  the  right  side  of  Eq.  1  are  dominant. 

The  quality  parameter  q  is  given  by 
_  <Jse  v  h  Tt  Vc 

q  8W  Ttri-Tfr  fiVb<2c  ^  1 

Here  <*sc  is  the  hydrogen-hydrogen  spin-exchange 
cross  section,  v  is  the  average  relative  speed  of 
hydrogen  atoms  in  the  storage  bulb,  R  is  Planck’s 
constant,  Pq  is  the  Bohr  magneton,  Vc  and  Vb  are  the 
volumes  of  the  resonant  cavity  and  storage  bulb,  Qc  is 
the  loaded  cavity  Q,  and  rj  is  the  magnetic  filling 
factor!6!.  /  is  the  flux  of  c-state  atoms  entering  the 
storage  bulb,  while  /tot  is  the  total  flux  of  atoms  in  all 
hyperfine  states  entering  the  bulb.  Because  q  is 
proportional  to  (/tot/0.  it  is  a  useful  measure  of  the 
effectiveness  of  the  state-selection  system.  For 
properly  operating  traditional  (one-magnet)  selection 
systems,  (/tot/0  =  2,  while  for  single-state  selection, 
(/tot/0  =  1;  thus  in  a  perfectly  operating  system,  we 
expect  the  ratio  <?off/<7on  =  2,  where  <?0ff  and  <?0n 


are  the  values  of  q  with  the  AFP  system  turned  off 
and  on,  respectively.  If  7m  +  y  is  small,  the  ratio 
lYt/(Yb+Yr)l  =  1-  Inserting  the  values  of  atomic 
parameters  and  typical  VLG- 1 2  maser  dimensions  into 
Eq.  2  gives 

q  =  0.024  O-Y)  (3) 

7b+7r  V  1  ' 

Yt  and  q  are  determined  by  measuring  Qi ,  the 
maser’s  line  Q,  as  a  function  of  rf  output  power,  and 
fitting  a  quadratic  form  to  (£>/)'*  as  a  function  of  the 
power  radiated  by  the  atomic  beam!7!.  The  values  of 
Yt  and  q  were  measured  for  masers  P24  and  P25 
before  the  masers  were  transported  to  USNO,  and 
again  for  P25  in  May,  1990.  The  results  are  shown  in 
the  table  below. 


Maser 

(sec'!) 

Qon 

<7off 

<7off/</on 

P24  8/89 

.77 

.034 

.062 

1.83 

P25  9/89 

.78 

.048 

n/a 

1.76* 

P25  5/90 

1.16 

.061 

n/a 

n/a 

P25’s  state-selection  magnets  have 
longitudinal  magnetic  field  components  that  result  in 
state  inversion  even  in  the  absensc  of  the  AFP  rf  field. 
As  a  consequence,  P25’s  single-state  selection  system 
operates  at  all  times,  and  a  measurement  of  <70ff  is 
difficult.  The  ratio  <7offA/on  indicated  by  *  was 
measured  earlier,  using  special  techniques.  The 
parameters  for  P24  were  not  measured  in  May  1990 
because  the  maser  was  in  use  by  USNO  and  could  not 
be  disturbed. 

The  Yt  relaxation  rates  for  P24  and  P25  in 
August  and  September,  1989,  were  both 
approximately  0.77  sec”! ,  corresponding  to  an 
equivalent  line  Q  (in  the  absense  of  spin  exchange)  of 
approximately  5.8x10^.  Table  1  shows  that  for  maser 
P25,  Yt  increased  by  49%  between  September  1989 
and  May  1990,  and  qox\  increased  by  27%.  Increases 
in  maser  storage  bulb  relaxation  rates  over  time,  due 
presumably  to  deterioration  or  contamination  of  the 
Teflon  storage  surface,  have  been  observed  previously 
in  our  laboratory!8!  and  by  other  workers.  The 
improved  storage  bulb  collimation  used  in  the  VLG-12 
masers  makes  recombination  a  larger  fraction  of  the 
total  relaxation  rate,  so  a  change  in  the  bulb’s  surface 
quaility  becomes  more  evident.  All  else  being 
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constant ,  an  increase  in  the  recombination  .ale  yr 
would  make  the  ratio  YtAYb+Yr)  closer  to  unity 
(smaller),  and  would  thus  decrease  the  value  of  q  . 
The  increase  in  P25’s  q,  and  part  of  the  increase  in 
may  be  due  to  magnetic  field  inhomogencitics  within 
the  storage  bulb.  Subsequent  to  the  measurements 
reported  here  the  maser  was  degaussed,  with  a 
resulting  improvement  in  its  performance. 
Rcmcasurcments  of  yt  and  q  will  be  made  in  the 
future. 

The  values  of  </0n  and  ^0ff  for  maser  P24 
allow  us  to  estimate  the  effectiveness  of  the  state 
selection  system.  Assuming  (Yt/(Yb+Yr)l  s  1,  Eq.  3 
and  the  data  of  Table  1  give  (/iot//)on  =  1.42,  and 
(ftoi/Qoff  =  2.58.  If  /,  the  flux  of  c-state  atoms,  is 
unchanged  by  the  operation  of  the  AFP  system,  these 
values  imply  that  the  single-state  selection  system 
removes  73%  of  non-c-state  atoms  from  the  beam. 
If,  as  is  likely,  lYi/(Yb+Yr)l  >  1  due  to  magnetic  field 
inhomogencitics,  the  percentage  of  undcsired  atoms 
removed  is  higher. 

Sensitivity  to  External  Magnetic  Fields 

The  magnetic  shields  that  surround  the 
maser's  microwave  cavity  attenuate  changes  in  the 
external  magnetic  field,  reducing  their  effects  within 
the  atomic  interaction  region.  The  residual  field  that 
penetrates  the  shields  can  shift  the  maser’s  frequency 
primarily  through  two  effects:  (i)  the  quadratic 
variation  of  the  Amp  =  0  hypcrfinc  transition  energy 
with  magnetic  field,  which  can  be  calculated  from  a 
measurement  of  the  change  in  the  Zeeman  frequency 
for  Amp  =  il  transitions,  and  (ii)  AF  =  0, 
Amp  =  ±1  hypcrfinc  transitions  by  oscillating  atoms 
moving  through  transverse  dc  magnetic  field 
gradients. l9I  The  motional  shift  is  proportional  to 
(Pd~Pb).  the  Zeeman  population  difference  in  the 
storage  bulb,  as  well  as  to  the  product  of  the  radial  dc 
magnetic  field  amplitude  and  the  radial  rf  field 
amplitude,  averaged  over  the  storage  bulbl  10I-  Thus  if 
(Pd-Pb)  's  minimized,  as  by  single-state  selection, 
motional  shifts  due  to  residual  field  gradients  can  be 
reduced. 

The  effectiveness  of  the  single-state  selection 
system  in  achieving  this  reduction  is  indicated  in  Fig. 
1.  The  variation  in  maser  frequency  with  external 
field  was  measured  using  a  Helmholtz  coil  array 
surrounding  the  maser.  Measurements  were  made  at 
high  and  low  hydrogen  beam  flux,  with  the  internal 
maser  field  parallel  to  and  opposite  to  the  earth’s  field 


direction,  and  with  the  AFP  system  on  and  off. 
Shown  in  Fig.  1  are  the  predicted  sensitivities 
calculated  from  the  measured  variation  in  Zeeman 
frequency  with  applied  field.  With  the  AFP  system 
turned  off,  the  measured  sensitivities  vary  widely 
from  the  predicted  values,  while  with  the  AFP  system 
operating,  the  measured  sensitivities  are  consistent 
with  the  calculations,  indicating  that  single-state 
selection  significantly  reduces  the  effect  of  motional 
frequency  shifts. 

Long-term  frequency  performance 

The  frequencies  of  masers  P24  and  P25, 
relative  to  reference  maser  PI  8,  are  shown  in  Fig.  2 
over  a  span  of  approximately  200  days.  The  abscissa 
is  given  in  modified  Julian  date  [MJD];  for  reference, 
MJD  47900  =  9  January  1990.  The  frequencies  were 
calculated  from  hourly  simultaneous  phase 
measurements  relative  to  a  common  crystal  oscillator, 
isolated  erroneous  points  due  to  the  measurement 
system,  and  frequency  offsets  introduced  when  the 
masers  were  tuned,  have  been  removed  from  the  data. 

Both  masers  exhibit  long-term  frequency 
drifts  that  decreased  over  time.  At  the  beginning  of  the 
observation  period  P24’s  average  drift  rate  of 
fractional  frequency  relative  to  PI 8  was  approximately 
8  parts  in  10*->  per  day,  and  at  the  end  of  the  period  it 
was  approximately  2  parts  in  1015  per  day.  The 
corresponding  rates  for  P25  were  1.6xl014/day  and 
7xl0'*5/day.  The  drift  rate  of  P18  relative  to  the  time 
scale  of  the  Bureau  International  dcs  Poids  et  Mcsurcs 
(BIPM)  over  the  same  time  period  was  approximately 
5xl0"16/day  at  the  start  and  2xl0,6/day  at  the  end; 
thus  P24’s  drift  relative  to  BIPM  was  roughly  10% 
less  than  the  drift  measured  relative  to  PI 8. 

Qualitatively  similar  behavior  has  been 
observed  in  many  other  masers.  Masers  PI 8  and 
P19,  for  example,  which  have  been  in  operation  since 
1983,  exhibited  drift  rates  of  several  parts  in  1015  per 
day  soon  after  they  were  built;  currently  their  drift 
rales  arc  a  few  parts  in  1016  per  day.  All  drifts  are 
toward  higher  frequencies.  Such  behavior  has  been 
ascribed  to  shrinkage  of  the  joints  between  the 
resonant  cavity’s  cylinder  and  cndplates,  and  to 
relaxation  of  tensile  stress  in  the  cavity’s  inner  silver 
coating^ ill.  it  is  not  clear  why  P25  has  a  drift  rate 
more  than  twice  that  of  P24’s.  One  difference 
between  the  masers  is  that  P25’s  cavity  was  chilled  to 
-25°C  prior  to  assembly  in  the  maser,  in  order  to 
remove  tensile  stress  in  its  silver  coating.  The 
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resulting  compressive  coating  stress,  or  an  unknown 
change  in  the  cylinder’s  Cervitl12!  material,  may  have 
resulted  in  the  larger  drift  rate,  although  relaxation  of 
compressive  coating  stress  is  expected  to  decrease, 
rather  than  increase,  the  maser’s  frequency. 

Conclusions 

The  single-state  selection  system  used  in 
VLG-12  masers  operates  properly,  removing  at  least 
73%  of  unwanted  atoms  from  the  hydrogen  beam  and 
substantially  eliminating  frequency  shifts  due  to 
motion  of  hydrogen  atoms  through  magnetic  field 
gradients.  The  long-term  behavior  of  the  storage 
bulbs’  surface  coatings,  which  appear  to  be 
deteriorating  with  time,  will  be  monitored  through 
measurements  of  q  and  Yt-  The  masers’  drift  rates, 
which  are  consistent  with  the  performance  of  other 
masers,  will  also  be  monitored,  by  comparison  with 
the  USNO  time  scale.  Because  the  long-term 
frequency  drifts  are  quite  consistent,  the  masers’ 
frequencies  are  highly  predictable,  making  them 
suitable  for  use  in  timekeeping. 
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Abstract:  Hydrogen  consumption  is  an  important  reli¬ 
ability  issue  for  space-qualified  hydrogen  masers.  An  excess 
of  atoms  in  the  upper  state  of  the  maser  transition  must  be 
continuously  fed  into  the  maser  bulb.  Atomic  hydrogen  is 
produced  in  an  rf  discharge  dissociator,  and  state  selection  is 
accomplished  by  a  multipole  magnet  which  focuses  atoms  in 
the  desired  state  at  the  maser's  bulb  entrance  orifice.  The  fo¬ 
cusing  properties  of  these  magnets  depend  strongly  on  atom¬ 
ic  speed.  The  quality  of  the  match  between  the  speed  distri¬ 
bution  of  the  atoms  leaving  the  dissociator  and  the  velocity- 
dependent  transmission  of  the  state  selector  plays  an  impor¬ 
tant  role  in  determining  the  maser’s  hydrogen  insumption 
budget.  We  have  determined  speed  distribution.,  of  hydrogen 
atoms  effusing  from  an  rf  discharge  dissociator,  and  found 
that  they  are  significantly  narrower  than  Maxwellians.  We 
have  also  performed  realistic  calculations  of  the  focusing 
properties  of  hexapole  magnet  atomic  state  selectors,  and  ex¬ 
plored  the  conditions  under  which  good  matches  between 
atomic  speed  distribution  and  state  selector  transmission  can 
be  achieved. 


Introduction 

The  possibility  of  using  hydrogen  masers  as  frequency 
standards  on  board  spacecraft  requires  careful  consideration 
of  long-term  reliability  issues.  Since  many  of  the  likely  failure 
modes  of  a  maser  involve  either  the  atomic  hydrogen  source 
system  or  vacuum  pump  problems  due  to  the  hydrogen  load, 
the  maser's  reliability  will  be  enhanced  by  efficient  use  of  its 
hydrogen  supply. 

To  operate  the  maser,  an  excess  of  hydrogen  atoms  in 
the  F=  1,  A/  =  0  hyperfine  state  must  be  continuously  fed  [1] 
into  the  maser  bulb.  An  rf  discharge  dissociator  breaks 
hydrogen  molecules  into  atoms,  and  the  state  selector  (typi¬ 
cally  a  hexapole  or  quadrupole  magnet)  focuses  those  atoms 
having  F=  1,  M—0  at  the  maser’s  bulb  entrance  orifice  and 
defocuses  those  having  F= 0,  M  =  0,  thus  creating  the  popula¬ 
tion  inversion  required  for  maser  operation.  Clearly,  the  first 
requirement  for  efficient  hydrogen  use  is  that  a  large  fraction 
of  the  hydrogen  molecules  flowing  into  the  dissociator  exit  as 
atoms.  But  additionally  there  is  a  subtler  requirement, 
caused  by  the  fact  that  the  focusing  properties  of  the  state-se¬ 
lecting  magnet  depend  on  the  atomic  velocities;  since  faster 
atoms  will  be  deflected  less  than  slower  ones  during  their 
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magnetic  field  traverse,  the  "focal  length"  of  the  magnet  will 
be  longer  for  those  faster  atoms.  Thus,  only  atoms  within  a 
fairly  narrow  range  of  velocities  will  be  focused  at  the  bulb 
entrance  orifice  by  a  given  state  selector  design.  If  there  is  a 
mismatch  between  the  velocity  distribution  of  the  atoms  com¬ 
ing  out  of  the  dissociator  and  the  velocity-dependent  trans¬ 
mission  of  the  state  selector,  the  hydrogen  use  efficiency  of 
the  maser  could  be  seriously  impaired. 

Relatively  little  is  known  of  the  velocity  distribution  of 
atoms  effusing  out  of  rf  discharge  dissociators.  In  many  cases 
the  tacit  assumption  is  made  that  the  atoms  will  be  in  thermal 
equilibrium  with  the  dissociator  wall,  but  that  is  not  necessar¬ 
ily  the  case.  The  threshold  energy  for  molecular  dissociation 
by  collision  with  electrons  in  the  discharge  plasma  is  about 
8.5  eV  [2],  Since  the  molecular  binding  energy  is  only  about 
4.7  e V,  each  atom  carries  away  approximately  2  e V  U  excess 
kinetic  energy.  Depending  on  dissociator  geometry  and  gas 
density,  the  hydrogen  atoms  may,  or  may  not,  undergo 
enough  bulk  and  wall  collisions  to  thermalize  fully.  Velocity 
distributions  of  atoms  exiting  dissociators  followed  by  cryo- 
genically  cooled  thermal  accommodators  have  been  mea¬ 
sured  [3,4]  but  these  results  are  not  applicable  to  our  prob¬ 
lem,  since  such  accommodators  would  not  be  used  in  space- 
qualified  masers. 

We  have  determined  the  velocity  distributions  of  hy¬ 
drogen  atoms  effusing  out  of  an  rf  discharge  dissociator  hav¬ 
ing  a  geometry  and  operating  parameters  resembling  those  of 
a  maser  dissociator.  We  have  also  performed  realistic  calcu¬ 
lations  of  the  velocity-dependent  transmission  of  hexapole- 
magnet  state  selectors,  investigated  designs  yielding  good 
matches  between  atomic  velocity  distribution  and  magnet 
transmission,  and  explored  the  consequences  of  possible  mis¬ 
matches.  This  paper  discusses  the  relevant  techniques  and 
presents  some  results. 

Velocity  Distributions 

Atomic  hydrogen  velocity  distributions  have  been  de¬ 
termined  using  a  magnetic  deflection  technique  described  in 
detail  elsewhere  [5].  Fig.  1  shows  the  experimental  arrange¬ 
ment.  Hydrogen  gas  is  fed  through  a  temperature-  controlled 
Pd- Ag  leak  [6]  into  a  cylindrical  double-walled  Pyrex  bulb.  1 5 
cm  long  and  1.9  cm  in  internal  diameter.  Compressed-air 
flow  between  the  walls  provides  cooling,  and  rf  power  is 
inductively  coupled  to  the  discharge  by  an  external  25-turn 
coil.  The  hydrogen  beam  exits  the  dissociator  through  a 
0.1-cm-Iong,  0.025-cm-wide  slit,  is  collimated  by  a  second 
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slit,  0.025  cm  wide,  set  at  d  =  63.1  cm  away  from  the  source 
slit,  and  then  travels  between  the  polepieces  of  an 
L  =  11.4-cm-long  electromagnet  configured  in  the  "rwo- 
wire”  geometry  described  by  Rabi  et  al.  [7].  After  traversing 
a  D  =  7 1 ,3-cm  drift  space,  the  beam  is  detected  by  a  quadru- 
pole  mass  analyzer.  Our  dissociator  operates  over  a  wide 
range  of  rf  power  levels  and  hydrogen  pressures,  as  shown  in 
Fig.  2;  dissociation  fractions  of  up  to  80%  can  be  achieved. 

H - d - 1 - L— + - D - H 


HYDROGEN  “TWO-WIRE'' 
DISSOCIATOR  MAGNET 


QUADRUPOLE  MASS 
FILTER  AND  DETECTOR 


Tig.  1.  Schematic  view  of  the  experimental  arrangement.  The  hy¬ 
drogen  dissociator  can  be  displaced  transversely. 
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Fig.  2.  Atomic  hydrogen  beam  fraction  vs  rf  discharge  power.  Total 
dissociator  bulb  pressures  are  indicated. 

Molecular  hydrogen,  having  no  magnetic  dipole  mo¬ 
ment.  will  travel  through  the  magnet  without  deflection,  but 
hydrogen  atoms  will  be  deflected  by  the  inhomogeneous 
magnetic  field  in  opposite  directions  dep  :ndingon  the  sign  of 
their  magnetic  moments.  The  dissociator  is  attached  to  the 
rest  of  the  apparatus  by  flexible  vacuum  bellows,  and  can  be 
displaced  transversely  by  micrometer  screws;  in  this  way,  the 
angular  distribution  of  atoms  deflected  by  the  field  can  be 
measured.  We  have  shown  previously  [5]  that  if  fn(.Y)  is  the 
distribution  of  detected  atoms  as  a  function  of  source  slit 
position  at  zero  magnetic  field  and  g(E)  the  speed  distribu¬ 
tion  of  the  atoms  caving  the  source  slit,  then  the  distribution 
of  detected  atoms  when  the  magnetic  field  is  turn  id  oi„  ffA'), 
will  be  given  by 
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B  is  the  intensity  of  the  magnetic  field,  a  is  a  magnet  geometry 
parameter  (2a  is  the  separation  of  the  "equivalent  wires”),  m 
is  the  atomic  mass,  and  p  the  effective  magnetic  moment  of 
an  atom  having  hyperfine  quantum  numbers  F,M,  given  by 
the  Breit-Rabi  formula  [8].  For  hydrogen. 
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where  p^  is  the  Bohr  magneton;  the  ( + )  sign  corresponds  to 
F=0,  A/  =  0,  and  F=  1,  M  =  -l;  the  (-)  sign,  to  F=  1,  M  =  0, 
andF=  1,  M  =  1.  x  is  proportional  to  the  ratio  ofmagnetic-to- 
hyperfine  energies,  *  =  B/(507  G). 

To  determine  the  atomic  speed  distribution,  fo(3Q  is 
measured  first,  and  then  f(,Y)  is  calculated  using  Eq.  (1)  and 
model  velocity  distributions.  The  results  of  the  calculations 
are  compared  with  the  measured  ffA1),  and  the  model 
distributions  are  adjusted  for  best  fit  to  the  experimental 
deflection  data.  Fig.  3  shows  the  measured  undeflected  beam 
profile  foW.  as  well  as  the  measured  deflected  beam  profile 
i(X)  at  a  field  of  995  G.  Our  technique  to  determine  velocity 
distributions  has  been  previously  validated,  and  the 
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rig.  3.  Detected  atomic  hydrogen  flux  vs  dissociator  slit  position. 
Full  line:  undeflected  beam  (zero  field).  Circles:  beam  deflected  by 
a  995-G  Field.  Both  sets  of  data  have  been  normalized  to  unit 
height.  Dissociator  piessure:  0.058  Torr. 

apparatus  ’.as  been  calibrated,  using  an  effusive  rubidium 
beam  (52  The  validation  experiment  showed  that  the  left  side 
peak  in  Fig.  3  should  be  the  one  used  to  fit  the  calculated 
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deflection  profile  f(A'),  since  the  atoms  deflected  into  the 
right  side  peak  travel  very  close  to  the  convex  polepiece  of  the 
magnet,  causing  the  constant-force  approximation  used  in 
the  derivation  of  Eq.  (2)  to  break  down. 

The  analysis  of  preliminary  atomic  hydrogen  deflec¬ 
tion  data  showed  [5]  that  the  atomic  velocity  distributions  are 
significantly  narrower  than  Maxwellians;  since  then,  we  have 
obtained  and  analyzed  additional,  higher  quality  deflection 
data,  and  the  results  support  that  conclusion.  The  first  model 
speed  distribution  used  to  generate  calculated  beam  deflec¬ 
tion  profiles  was  a  beam-Maxwellian: 

g(K>  =  (2/Ko)(K/Ko)3  exp[-(K/K0)2]  (4) 

where  the  most  probable  velocity  Vq  was  treated  as  a  free 
parameter,  since  the  temperature  of  the  gas  within  the  disso- 
ciator  might  be  higher  than  the  wall  temperature.  An  exam¬ 
ple  of  "best  fit"  to  the  deflection  data  achievable  using  a 
Maxwellian  distribution  is  shown  in  Fig.  4.  Recalling  that 
very  fast  atoms  are  not  deflected  much,  and  very  slow  atoms 
undergo  large  deflections.  Fig.  4  shows  that  the  low  and  high 
speed  wings  of  the  beam-Maxwellian  distribution  are  both 
too  high.  We  then  attempted  to  reproduce  the  deflection  data 
using  a  Gaussian  as  a  model  speed  distribution, 

S(F0  =  1/(v27t  a)  exp[-  (V-  Vtf/2c?)  (5) 
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f  ig.  4  Atomic  hydrogen  flux  at  detector  vs  dissociator  slit  position. 
Circles:  as  in  Fig.  3.  Full  line:  calculated  for  a  beam-Maxwellian 
velocity  distribution,  at  T  =  350  K.  Both  sets  of  data  have  been  nor¬ 
malized  to  unit  height. 

where  the  most  probable  velocity  Vq  and  the  width  a  are  both 
treated  as  free  parameters.  This  model  reproduced  accept¬ 
ably  the  preliminary  data  [5],  and  fitted  the  new  data  better 
than  the  Maxwellians.  but  still  failed  to  provide  an  acceptable 
match,  due  to  the  smaller  error  bars  in  the  present  measure¬ 
ments.  To  obtain  good  fits  to  the  data,  we  have  to  allow  the 


speed  distribution  to  be  asymmetrical.  This  was  accom¬ 
plished  by  using  as  a  model  distribution  two  half-Gaussians 
joined  smoothly  at  their  peaks: 

g(I')  =  1  / (»'2zr  a)  exp[-  {V-  K0)2/2o7  ]  for  V  <  Vq  (6a) 
g(T)  =  l/(«'2jr  a)  exp(-  (V-  Vq)2/2o\  ]  for  V  >  Vq  (6b) 

where  a  =  (n,  +  o,  )/2.  The  most  probable  velocity  VQ  and 
the  two  partial  widths  a,  and  a2  are  treated  as  nee  parame¬ 
ters.  With  this  model  distribution,  acceptable  matches  to  the 
deflection  data  were  obtained  over  the  whole  range  of  disso¬ 
ciator  pressures  we  have  explored.  Fig.  5  illustrates  the  match 
obtained  between  calculated  and  measured  deflection  pro¬ 
files  for  the  same  data  shown  in  Fig.  4,  and  Fig.  6  shows  the 
speed  distributions  used  to  calculate  the  deflection  profiles  in 
Figs.  4  and  5.  It  is  apparent  that  at  low  dissociator  pressures 
the  atomic  speed  distributions  are  nonthermal  and  signifi¬ 
cantly  narrower  than  Maxwellians. 
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Fig.  5.  Atomic  hydrogen  flux  at  detector  vs  dissociator  slit  position. 
Circles:  as  in  Fig.  3.  Full  line:  calculated  for  the  asymmetric  velocity 
distribution  defined  in  the  text.  Both  sets  of  data  have  been  nor¬ 
malized  to  unit  height. 

In  the  range  of  dissociator  pressures  we  have  explored 
(25  to  350  mTorr).  neither  the  peak  velocity  nor  the  partial 
width  of  the  distribution  on  the  high-speed  side  change  signif¬ 
icantly.  The  dependence  of  the  low-speed  side  partial  width 
on  pressure  is  shown  in  Fig.  7.  At  the  high  end  of  our  pressure 
range,  the  overall  width  of  the  distribution  is  quite  close  to 
the  Maxwellian  width.  The  peak  speed  of  the  distributions 
corresponds  to  a  kinetic  energy  of  about  0.075  eV,  indicating 
that  the  hydrogen  atoms  do  lose  most  of  their  excess  energy 
before  leaving  the  dissociator.  Since,  on  the  other  hand,  the 
atoms  do  not  thermalize  fully,  that  energy  loss  must  take 
place  in  just  a  few  collisions,  requiring  a  relatively  high  aver¬ 
age  energy  loss  per  collision.  Impact  vibrational  excitation  of 
hydrogen  molecules  within  the  dissociator  bulb,  with  an  ener- 
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tiv  loss  of  0.546  eV'collision.  is  a  likely  ineehanisrn  of  atomic 
slow  iiij>- down. 


l  ie.  (>.  \elocilv  distributions  used  to  calculate  the  deducted  l>eam 
piotiles  shown  in  I  ins.  4  and  5.  l  ull  line:  asymmetric  distribution, 
as  dehned  in  text.  Dashed  line:  beam-Maxwellian.  Both  curves 
have  been  normalized  to  unit  area. 
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I  lexapole  Magnets  as_Velocity.  1  iltcis 


A  hexapole  magnet  can  be  used  .is  a  state  selector  ill  a 
hydrogen  maser  because  the  inhomogeneous  licxapolur  field 
will  exert  a  radial  force,  pointed  towards  its  axis  on  atoms 
having  a  negative  effective  magnetic  moment,  and  outwards 
on  atoms  having  a  positive  effective  magnetic  moment.  In 
this  way.  for  a  well  chosen  combination  of  geometry  and 
magnetic  held  strength,  atoms  having  /•  I  and  M  0  can  be 
locused  at  the  entrance  oritice  of  the  maser  bulb,  while  those 
atoms  having  /  b.  M  I)  will  be  dclocuxcd.  I  he  focusing 


conditions  are  velocity-dependent,  and  so  the  state  selector 
will  also  act  as  a  velocity  filter. 

1  he  force  acting  on  an  atom  immeixed  in  an  inhomo¬ 
geneous  magnetic  field  B  is  given  by  F=  grad(/i)  |b).  I  he 
effective  magnetic  moment,  given  for  hydrogen  by  I  q.  (3), 
will  depend  on  the  atomic  quantum  numbers  /'.  .\1  and  on  the 
magnetic  field  strength  B.  The  magnetic  field  strength  within 
a  hexapole  magnet  of  bore  radius  >u  and  poletip  field  is 
given  by  li  =  Bu(r/rtt)2  [  lll|.  I  he  radial  equation  of  motion  for 
an  atom  within  the  magnet  boie  is  then 

r  -  (it /in)  x  2(B{,/r/,)r  (7) 

where,  for  the  M  =  0  states  of  hydrogen,  p  =  ± x  ( 1  +x2)1  2  . 
and  v  =  (/f(|/507  ti)(r/ru)2.  This  equation  can  be  rewritten  in  a 
form  more  suitable  for  numerical  solution  as 
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where  n  = r/r ().  (3o=  /f(|/(507  Ci).  and  ta  =  (2p()W(|/W|p )'  The 
solutitms  to  this  equation  oscillate  about  the  magnet  axis 
when  p  <  (I.  and  are  outward  bound  when  p  >  0. 


I  ig.  IS  shows  the  maser  state  selector  geometry:  a 
hexapole  magnet  of  length  /o  has  its  entrance  plane  at  a 
distance  I.  \  from  the  source  exit  plane:  the  entrance  plane  to 
the  maser  bulb  is  at  a  distance  /.  <  from  the  exit  plane  of  the 
magnet.  The  axial  velocity  of  the  atom  is  constant.  The  radial 
velocity  is  constant  in  regions  a  and  c,  and  the  radial  accelera¬ 
tion  in  region  b  is  given  by  Hq.  (7).  Atomic  trajectories 
leading  from  the  source  into  the  maser  bulb  are  calculated  by 
solving  the  equations  of  motion  in  regions  a,  b.  and  c.  and 
matching  radial  positions  and  speeds  at  the  boundary  planes. 
The  velocity-dependent  transmission  of  the  st.ite  selector  can 
be  calculated  by  integrating  the  atomic  trajectories  leading 
from  source  to  bulb  over  starting  coordinates  and  angles. 
I  ig.  b  shows  the  transmission  curves  obtained  for  a  given 
choice  of  parameters  for  atoms  in  both  ,V/  =  ()  states.  The 
transmission  data  have  been  normalized  to  the  solid  angle 
subtended  by  the  bulb  entrance  orifice,  weighted  by  the  effu¬ 
sive  beam  angular  distribution  (i.c..  it  is  measured  in  units  ol 
the  total  atomic  flux  per  unit  speed  that  would  enter  the 
maser  bulb  in  the  absence  of  the  magnet).  I  or  high  speeds, 
both  curves  converge  asymptotically  to  0.25.  which  is  the 
statistical  weight  of  each  of  those  states.  The  broad  transmis¬ 
sion  peak  for  /•'=  I  atoms  at  3S00  tit  's  contains  those  atoms 
which  undergo  one  radial  oscillation  in  their  traverse  of  the 
magnetic  field;  narrower  peaksal  lower  speeds  contain  atoms 
which  undergo  more  radial  oscillations. 


big.  .H  Schematic  view  of  the  state  selector  gcomctiy  (see  descrip¬ 
tion  m  text) 


Conclusions 
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Fig. 9.  Transmission  of  a  hexapole  magnet  (in  units  of  beam  tluxat 
the  maser  bulb  entrance  orifice  in  the  absence  of  the  magnet)  vs 
atomic  speed.  Full  line:  F=  1.  M  =  0  hydrogen  atoms  (selected 
state).  Dashed  line:  F  =  ().  M  =  0  hydrogen  atoms  (rejected  state). 

To  obtain  the  velocity  distribution  of  the  transmitted 
atoms,  the  velocity-dependent  transmission  of  the  magnet 
has  to  be  folded  with  the  velocity  distribution  of  the  atoms 
entering  it.  Let  us  assume  that  the  atoms  leaving  the  dissocia- 
tor  do  so  with  the  velocity  distribution go(L).  illustrated  by  the 
full  line  in  Fig.  6  (i.e.,  the  distribution  yielding  a  good  fit  to 
our  beam  deflection  measurements).  The  full  line  in  Fig.  10 
shows  the  transmitted  distribution  when  the  magnet  has  been 
optimized  forgo(F').  If,  on  the  other  hand,  the  magnet  had 
been  optimized  for  a  beam-Maxwellian  distribution  at  wall 
temperature,  the  transmitted  distribution  would  be  the  one 
shown  by  the  dashed  line  in  Fig.  10.  Integration  of  the 
transmitted  distributions  over  atomic  speed  yields  the  atomic 
fluxes  into  the  dissociator.  This  procedure  shows  that  assum¬ 
ing  the  atomic  speed  distribution  to  be  thermal  introduces  a 
mismatch  between  state  selector  design  and  atomic  speed 
distribution  which  causes  the  waste  of  65%  of  the  F=\.M  =  0 
atoms  leaving  the  dissociator. 


Fig  10.  Velocity  distribution  of  the  hydrogen  atoms  focused  at  the 
maser  bulb  entrance  orifice.  Full  line:  state  selector  optimized  for 
the  actual  incident  beam  velocity  distribution.  Dashed  line:  state 
selector  optimized  for  a  Maxwellian  beam  at  the  dissociator  wall 
temperature. 


Our  studies  of  velocity  distributions  of  hydrogen 
atoms  effusing  out  of  rf  discharge  have  shown  that  while  the 
atoms  lose  most  of  their  excess  kinetic  energy  rapidly,  they 
may  not  thermalize  fully  before  exiting.  At  low  dissociator 
pressures,  the  atomic  hydrogen  beam  velocity  distribution  is 
significantly  narrower  than  the  beam-Maxwellian  distribu¬ 
tion  characteristic  of  thermal  equilibrium. 

Our  analysis  of  the  focusing  properties  of  hexapole 
magnet  state  selectors  shows  that  the  efficiency  of  hydrogen 
use  by  the  maser  can  be  increased  significantly  by  optimizing 
the  state  selector  design  for  the  actual  atomic  hydrogen  ve¬ 
locity  distribution.  This  finding  is  oi  particular  importance 
for  the  design  of  space-qualified  hydrogen  masers,  where  the 
maser  reliability  is  enhanced  if  hydrogen  consumption  is 
reduced. 
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Abstract 

The  use  of  optical  state  preparation  and  detection 
in  atomic  beam  frequency  standards  offers  tremendous 
potential  for  improved  short  term  stability,  evaluation  and 
control  of  accuracy-limiting  systematic  errors.  This  paper 
reviews  optical  pumping  as  it  pertains  to  primary  frequency 
standards.  The  potential  benefits  and  limitations  are 
discussed  as  is  present  work  on  the  technology. 

Introduction 

The  development  of  efficient,  inexpensive,  tunable, 
and  long-lived  diode  lasers  has  made  primary  clocks  with 
optical  state  preparation  and  detection  a  realistic  possibility. 
Optical  state  preparation  has  advantages  over  conventional 
magnetic  state  selection.  Magnetic  state  selection  discards 
most  of  the  atoms  in  the  beam,  whereas  with  optical  state 
preparation,  nearly  all  of  the  atoms  in  the  beam  can  be 
used.  This  improves  the  short-term  stability  of  the  clock. 
Optical  pumping  also  produces  a  homogeneous  atomic 
beam  without  the  spatial  velocity  dispersion  caused  by 
magnetic  state  selection.  The  spatial  velocity  dispersion 
leads  to  one  of  the  major  accuracy-limiting  systematic  errors 
in  conventional  primary  standards.  Finally,  the  replacement 
of  the  opaque  hot  wire  detector  with  a  transparent  optical 
detection  region  makes  it  possible  to  run  simultaneous 
counter-propagating  atomic  beams.  This  feature,  when 
combined  with  a  frequency  control  servo  system  capable  of 
interrogating  various  parts  of  the  cesium  spectrum,  makes 
possible  automatic  evaluation  during  continuous  clock 
operation. 

The  potential  for  improved  accuracy  and  stability 
available  with  this  technology  has  been  widely  recognized 
for  over  a  decade,  and  nearly  every  national  metrology 
laboratory  has  at  least  some  effort  to  investigate  it. 
However,  only  four  labs  have  efforts  involving  large, 
potentially  high  performance  machines.  The 

Communication  Research  Laboratory  in  Tokyo  is  building 
a  machine  with  about  a  1  m  interaction  length] lj.  The 
National  Research  Laboratory  of  Metrology  near  Tokyo  has 
an  operational  unit  of  about  the  same  size  which  has 
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been  cvalutated  at  about  10'^  [2|  The  Laboratoire 
Primaire  du  Temps  ct  dcs  Frequences  in  Paris  is  also 
building  a  devj^e  which  is  designed  to  operate  at  an 
accuracy  of  10  |3|.  The  National  Ins'itutc  of  Standards 

and  Technology  in  Boulder  is  building  a  device  which  is 
designed  to  become  an  ^tyerational  standard  with  an 
accuracy  of  1  part  in  10  The  development  of  this 
standard  will  be  used  in  subsequent  sections  of  this  paper 
to  illustrate  the  technology. 

Optical  state  preparation  and  detection  will  be 
discussed  in  the  first  section  and  used  to  explain  the 
potential  benefits  and  limitations  of  this  new  technology. 
The  potential  of  these  standards  for  accuracy,  combined 
with  their  different  operational  characteristics,  has  required 
a  careful  re-analysis  of  all  errors  found  in  such  a  standard 
This  work  is  outlined  in  the  section  on  systematic  errors. 
Atomic  beam  tube  design  has  followed  from  the  error 
analysis  and  is  briefly  described  in  the  next  section. 
Limitations  on  achievable  performance  resulting  from  laser 
FM  noise  problems  and  some  solutions  are  outlined  in  a 
section  on  lasers.  Finally,  there  is  a  section  which  discusses 
some  of  the  requirements  on  supporting  electronics  which 
control  the  clock  frequency  and  other  parameters. 

Optical  Pumping 

Optical  pumping  to  replace  state-selecting  magnets 
was  first  suggested  by  Kastlcr|4]  in  1950.  But  it  was  not 
practical  until  tunable  lasers  were  developed.  There  arc  a 
number  of  ways  optical  state  preparation  and  detection  can 
be  applied  in  cesium  beam  tubes  and  they  have  been 
previously  dcscribcd[5-13).  Reference  13  presents  an 
analysis  of  the  various  Dj  transitions  and  gives  pumping 
rates  and  efficiencies.  To  illustrate  the  process,  three 
specific  cases  will  be  briefly  outlined  here.  Figure  1 
schematically  shows  two  of  the  electronic  energy  levels  of 
cesium,  the  ground  state  which  contains  the  hypcrfinc/clock 
transition  and  a  low  lying  excited  state.  An  example  of  the 
simplest  kind  of  optical  pumping  would  be  if  the  frequency 
of  a  laser  were  tuned  to  excite  the  transition  F  =  4  -  F=3. 
The  F  =  3  atoms  decay  back  to  the  ground  state  in  a  few 
nanoseconds.  Most  go  into  the  F  =  3  state  but  some  return 
to  the  F  =  4  state  and  arc  excited  again.  In  this  way  the 
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Figure  i.  Energy  levels  of  the  cesium  Dj  transition. 


F=4  level  is  quickly  emptied  of  its  population.  A  slightly 
more  complicated  scheme  makes  use  of  two  lasers[14].  If 
in  addition  to  the  first  laser  a  second  laser  is  used  to 
simultaneously  excite  the  F  =  3  -  F  =  3  transition  with  it 
polarization,  then  the  atoms  are  pumped  back  and  forth 
between  the  F  =  3  and  F=4  states.  However,  due  to  the 
atomic  selection  rules  applicable  to  this  case,  atoms  in  the 
F=3,  Mp=0  substate  cannot  interact  with  the  laser 
radiation  and  are  trapped.  As  atoms  in  other  substates  are 
forced  to  jump  back  and  forth  between  the  F=3  and  F  =  4 
states  they  sometimes  fall  into  the  trapped  state.  In  this 
way,  the  population  from  all  16  substates  can  be 
manipulated  into  the  one  substate  which  is  the  source  state 
for  the  clock  transition.  The  last  example  is  that  of  a 
cycling  transition  which  can  be  used  to  advantage  for 
detection.  Because  of  the  selection  rule  AF  =  0,  ±1, 
tuning  the  frequency  of  a  laser  to  the  transition  F=4  - 
F  -5  will  produce  excited  atoms  which  can  decay  only  to 
F=4,  the  state  from  which  they  cair<*  In  this  way  the 
atoms  can  be  excited  many  times  thus  insuring  their 
detection  by  the  decay  fluorescence. 


Figure  2.  Schematic  diagram  of  an  optically  pumped, 
atomic  beam  frequency  standard. 


This  form  of  state  preparation  as  opposed  to 
magnetic  state  selection  more  efficiently  uses  the  atomic 
beam  flux.  For  the  same  atomic  flux  from  the  oven,  optical 
pumping  can  produce  or  prepare  more  than  100  times  more 
atoms  in  the  initial  clock  state  than  many  common 
magnetic  selection  schemes.  This  improved  beam  flux  can 
directly  result  in  improved  short  term  clock  stability. 

Other  advantages  of  optical  state  preparation  have 
to  do  with  accuracy  and  long  term  stability  of  the  clock. 
Optical  state  preparation  does  not  produce  the  spatial 
velocity  dispersion  in  the  atomic  beam  that  magnetic  state 
selection  does.  This  comes  into  effect  in  the  evaluation  of 
end-to-end  phase  shift,  one  of  the  major  systematic  errors 
in  primary  standards.  End-to-end  phase  shift  is  the  result 
of  physical  imperfections  in  the  microwave  cavity  which  give 
rise  to  a  difference  in  the  microwave  phase  at  the  two  ends 
of  the  cavity.  This  phase  difference  produces  a  frequency 
bias  in  the  standard  which  is  traditionally  evaluated  by 
reversing  the  atomic  beam.  In  magnetically  state-selected 
standards  the  precision  of  the  beam  reversal  is  limited  by 
the  spatial  velocity  dispersion  in  the  atomic  beam.  With 
the  homogenous  atomic  beam  produced  by  optical  state 
selection,  the  evaluation  of  cavity  phase  shift  can  be 
performed  with  greater  precision.  In  fact  it  can  be  done  in 
real  time  without  interrupting  clock  operation. 


The  advantages  and  limitations  of  this  technology 
can  now  be  understood  with  the  aid  of  the  hypothetical 
clock  schematic  shown  in  Figure  2.  In  this  case,  1  or  2 
lasers  are  used  to  prepare  the  atomic  beam  for  "clock 
interrogation."  The  state-prepared  atoms  then  pass  through 
a  conventional  Ramsey  interrogation  zone.  Finally,  those 
atoms  that  make  the  clock  transition  can  be  detected  with 
essentially  unit  probability  by  detecting  the  fluorescence 
generated  in  a  laser-driven  cycling  transition  which  is 
specific  only  to  atoms  in  the  clock’s  terminal  state. 


Figure  2  shows  that  a  second  oven  can  be  added 
to  the  opposite  end  of  the  machine  and  a  counter- 
propagating  atomic  beam  generated.  The  two  atomic 
beams  can  run  simultaneously  because  the  flux  in  each 
beam  is  so  tenuous  that  the  atoms  do  not  collide.  This  fact 
can  be  better  realized  if  we  consider  just  the  velocity  spread 
in  one  beam.  There  is  a  great  dispersion  between  the 
fastest  atoms  and  the  slowest  atoms;  the  faster  atoms  are 
constantly  overtaking  the  slower.  If  the  flux  were  great 
enough  to  allow  collisions,  we  would  see  the  results  in  one 
beam  alone.  The  atoms  in  the  second  beam  can  pass 
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through  the  detection  zone  for  the  first  beam  with  no 
interaction  (and  vice  versa)  if  they  are  first  optically 
pumped  into  the  F=3  state.  In  this  way  the  beam  reversal 
can  be  done  without  clock  interruption. 

Another  systematic  error  can  be  caused  by  a 
spectral  line  overlap  problem  known  as  Rabi  tail 
pullingf  15).  The  magnetic  substate  structure  of  the  cesium 
atom  results  in  a  multi-line  spectrum  on  the  hyperfine 
transition.  While  these  lines  can  be  completely  resolved 
spectroscopically,  the  precision  with  which  the  microwave 
frequency  is  servoed  to  the  center  of  the  central  feature  in 
this  spectrum  produces  a  sensitivity  to  the  small  residual 
overlap  of  the  adjacent  line  wings.  In  a  conventionally 
state-selected  device  the  population  in  the  magnetic 
substates  is  asymmetrically  distributed  in  a  way  that  causes 
an  imbalance  in  these  overlap  shifts.  Single-laser  state 
preparation,  on  the  other  hand,  leads  to  a  symmetric 
spectrum  with  a  cancelation  of  overlap  shifts,  and  two-laser 
state  preparation  eliminates  the  population  in  the  other 
substates  altogether.  This  not  only  improves  the  accuracy 
of  the  clock  but  gives  it  added  stability  against 
environmentally  caused  changes  in  microwave  power  and 
magnetic  Held. 

Finally,  the  elimination  of  the  state-selecting 
magnets  allows  the  uniform  C-fteld  region  to  be  expanded 
to  include  the  optical  state  preparation  and  detection 
regions.  This  eliminates  Majorana  transitions  (magnetic 
field  gradient-induced  transitions)  and  frequency  errors  that 
may  come  from  them. 

All  of  these  potential  benefits  do  not  come 
without  limitations.  The  very  aspect  of  the  optical  state 
preparation  that  gives  no  velocity  selection  or  dispersion 
results  in  a  very  broad  velocity  spread  in  the  atomic  beam 
and  a  comparatively  high  mean  velocity.  The  slow  atoms 
remain  in  the  microwave  field  longer  than  the  faster  atoms. 
While  the  fastest  atoms  may  not  be  in  the  field  long 
enough  to  make  the  clock  transition,  the  slowest  atoms  may 
make  the  transition,  then  make  it  again,  and  finally  end  in 
the  starting  state.  The  velocities  at  which  these  effects 
occur  are  a  function  of  the  microwave  power  and 
modulation  parameters.  The  result  is  a  slight  velocity 
selectivity  that  couples  microwave  power  and  modulation 
parameters  to  the  clock  frequency  through  the  second-order 
Doppler  shift  and  cavity  phase  shift.  This  effect  will  show 
up  in  the  long  term  stability  of  the  standard.  One  way  to 
reduce  this  potential  problem  is  to  use  modem  electronics 
to  manipulate  the  frequency  of  the  microwave  source  in 
ways  that  produce  information  about  these  parameters 
directly  from  the  cesium  spectrum.  This  will  make  it 
possible  to  operate  these  p  rameters  under  closed  loop 
control. 


A  new  source  of  error  in  an  optically  pumped 
standard  is  caused  by  the  fluorescence  which  comes  from 
the  state  preparation  and  detection  zones.  Some  of  this 
light  travels  directly  along  the  atomic  beam  path  and  is 
present  during  the  interrogation  of  the  clock  transition. 
The  result  is  an  AC  Stark  shift  of  the  hyperfine  energy 
levels.  Fortunately,  the  effect  is  small^nd  is  easily 
conti  oiled  to  a  level  below  1  part  in  10  through  the 
choice  of  geometry  and  operational  condiiions[16). 

Systematic  Effects 

The  systematic  effects  which  have  been  analyzed 
or  re-analyzed  include:  fluorescent  light  shift{16);  velocity- 
dependent  effects  such  as  second-order  Doppler  shift  and 
end-to-end  cavity  phase  shift  including  its  dependence  on 
RF  power  and  modulation  parameters;  Rabi-pulling;  cavity 
pulling;  Majorana  effects,  distributed-cavity  phase  shift)  17); 
RF  spectral  purity  and  magnetic  field  uniformity. 

Many  of  the  shifts  can  be  expressed  as  the  ratio 
of  two  integrals  over  the  velocity  distribution  containing 
factors  dependent  on  the  microwave  power,  the  modulation 
parameters,  and  the  particular  shift  mechanism.  For  very 
narrow  velocity  distributions,  the  velocity  average  can  be 
ignored,  and  the  power-and  modulation-dependent  factors 
cancel.  The  shifts  then  have  little  or  no  dependence  on 
microwave  power  or  modulation  parameters.  An  optically 
pumped  standard,  however,  will  use  almost  all  of  the  broad 
thermal  distribution  of  velocities  emerging  from  the  oven. 
The  shifts  then  acquire  significant  dependence  on 
microwave  power  and  modulation  parameters.  For 
example,  the  second-order  Doppler  shift  and  end-to-end 
cavity  phase  shift  can  change  by  5  to  10%  with  microwave 
power  changes  of  only  1  dB. 

Second-order  Doppler  shifts  are  calculable  if  the 
effective  velocity  profile  of  the  atoms  contributing  to  the 
signal  is  known  to  adequate  accuracy.  The  broad  velocity 
spread  in  an  optically  pumped  standard  not  only  results  in 
a  sensitivity  to  microwave  power  but  produces  a  Ramsey 
resonance  with  less  structure  (information  content)  than 
conventionally  state-selected  devices.  This  has  rendered 
some  traditional  velocity  measurement  techniques 
inadequate.  However,  a  numerical  method  for  extracting 
both  the  velocity  distribution  and  the  effective  microwave 
power  level  from  Ramsey  lineshapes  has  been 
developed)  18). 

Rabi-pulling  and  Majorana  effects  should  be 
extremely  small  in  optically  pumped  standards,  but  the 
theoretical  studies  give  new  insight  into  how  these  effects 
enter  a  standard.  These  studies  are  briefly  outlined  in  (19), 
and  more  detailed  publications  are  in  preparation. 
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Atomic  Beam  Tube 


Optical  state  preparation  and  detection  offer 
potential  for  improved  control  of  the  clock  resonance  line- 
shape  physics  primarily  through  the  elimination  of  magnetic 
field  gradients  and  spatial  velocity  dispersion  in  the  atomic 
beam.  The  beam  tube  design  should  take  full  advantage  of 
this  potential. 

Any  magnetic  field  gradients  can  be  nearly 
eliminated  by  extending  the  C-field  region  to  include  the 
entire  clock.  The  non-velocity  dispersed  atomic  beam 
offers  the  potential  for  better  beam  retrace  precision  during 
beam  reversal  evaluation  of  end-to-end  cavity  phase  shift 
errors.  Retrace  precision  is  necessary  to  avoid  a  sensitivity 
to  distributed  cavity  phase  shift  which  is  not  directly 
evaluated.  To  realize  the  full  potential  of  this  attribute  of 
optical  pumping,  a  new  Ramsey  cavity  has  been  developed 
to  minimize  the  distributed  cavity  phase  shift[17].  Finally, 
the  geometry  must  be  chosen  to  allow  complete  evaluation 
and  not  produce  an  unacceptable  "fluorescence  light  shift." 

The  NIST  beam  tube  is  shown  schematically  in 
Figure  3.  The  beam  tube  is  totally  symmetric  about  the 
central  microwave  feed  point,  so  only  half  the  tube  is 
shown.  The  design  logic  and  major  sub-systems  have  been 
described  previously[20].  An  axial  C-field  has  been  chosen 
to  minimize  Rabi-pulling[15],  provide  a  more  uniform  field 
and  to  facilitate  the  new  Ramsey  cavity.  The  fluorescence 
collection  optics  are  large-radius,  spherical  mirrors  which 
collect  50%  of  the  fluorescent  light  and  inject  it  into  a  light 
guide  for  detection  outside  the  vacuum  envelope.  The 
imaging  nature  of  this  system  provides  high  selectivity 
against  scattered  laser  light.  All  laser  optics  are  external  to 
the  beam  tube. 


Laser  Systems 


Simple,  off-the-shelf  laser  diodes  with  their 
inherent  FM  noise  and  linewidths  of  many  megahertz  are 
incapable  of  supporting  optically  pumped  clock  operation 
at  full  atomic  shot-noise-limited  performance[21j.  To  solve 
this  problem  a  laser  line-narrowing  technique  based  on 
optical  feedback  from  a  high-Q  cavity  has  been 
developed[22].  With  this  line-narrowing  technique, 
essentially  atomic  shot-noise-limited  performance  in  an 
optically  pumped  standard  has  been  demonstrated[23]. 


PRINCIPAL  COMPONENTS  OF  NIST- 7 
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Figure  3.  Schematic  diagram  of  NIST-7. 


Control  Electronics 


As  pointed  out  in  the  discussion  of  optical 
pumping,  the  mean  atomic  velocity  and  the  velocity  spread 
are  greater  in  optically  pumped  standards  than  in  most 
magnetically  state-selected  standards.  This  results  in  a 
somewhat  limited  line  Q  since  arbitrarily  long  beam  tubes 
present  other  engineering  problems,  for  example,  structural, 
thermal,  magnetic  and  gravitational.  The  limited  line  Q 
combined  with  greater  accuracy  goals  places  a  severe 
burden  on  the  accuracy  of  the  frequency  control  servo 
electronics.  Additionally,  because  of  the  higher  sensitivity 
to  microwave  power  and  the  higher  accuracy  we  would  like 
to  servo  such  things  as  microwave  power  and  C-field,  which 
have  always  been  run  open-loop  in  conventional  standards. 
These  requirements  seem  most  easily  met  by  a  computer- 
controlled  servo  that  could  interrogate  the  cesium  spectrum 
and  develop  information  about  the  magnetic  field  and  the 
microwave  power  as  well  as  frequency  offsets. 
Correspondingly,  for  ease  of  implementation,  such  a  servo 
would  most  logically  use  a  slow  square-wave  modulation 
scheme.  When  optical  pumping  was  first  considered  for  use 
in  high  performance  primary  standards,  however,  such  a 
modulation  scheme  was  not  a  possibility  because  the  phase 
noise  in  available  crystal  oscillators  was  too  high[24-25J. 
Fortunately,  crystals  of  adequate  performance  have  recently 
become  available[26]. 


Conclusions 


The  technology  of  optically  pumped  primary 
frequency  standards  should  place  st^dards  of  frequency 
and  time  solidly  at  an  accuracy  of  10  .  This  performance 

is  achievable  as  a  result  of  the  improved  short  term  stability 
and  added  control  over  accuracy-limiting  systematic  errors. 
However,  the  high  mean  atomic  velocity  and  the  broad 
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velocity  spread  that  result  from  optical  state  preparation 
leads  to  a  limited  line  Q  and  comparatively  high  sensitivi^ 
to  microwave  power.  Consequently,  to  achieve  a  10 
accuracy  places  an  extreme  burden  on  the  servo  electronics, 
and  further  improvement  in  accuracy  with  thermal  atomic 
beams  may  not  be  readily  forthcoming.  Fortunately, 
photon  pressure  cooling  and  cooled,  non-thermal  beam 
technology  are  rapidly  advancing,  and  new  standards  should 
soon  be  available  which  overcome  these  limitations[27]. 
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Abstract 

Our  goal  at  the  Time  and  Frequency  Systems 
Research  group  at  JPL  is  the  development  of 
a  trapped  ion  based  fieldable  frequency  stan¬ 
dard  with  stability  1  10 ~13/v/r  for  averaging 

times  r  >  1  104  seconds.  To  achieve  this 
goal  we  have  developed  a  hybrid  rf/dc  lin¬ 
ear  ion  trap  which  permits  storage  of  large 
numbers  of  ions  with  reduced  susceptibility  to 
the  second-order  Doppler  effect  caused  by  the 
rf  confining  fields.  We  have  confined  199Hg+ 
ions  in  this  trap  and  have  measured  very  high 
Q  transitions  with  good  signal  to  noise.  In 
preliminary  measurements  we  have  obtained 
stabilities  of  1.6  10 -l3/\/r  (50  <  r  <  800  sec¬ 
onds)  with  a  160  mHz  wide  atomic  resonance 
linewidth  and  a  signal-to-noise  ratio  of  40  for 
each  measurement  cycle.  Atomic  resonance 
lines  as  narrow  as  30  mHz  on  the  40.5  GHz 
clock  transition  have  been  measured  with  no 
appreciable  reduction  in  the  ion  signal.  A  sta¬ 
bility  of  7  10~14/v/r  is  made  possible  by  the 
signal  to  noise  and  line  Q  of  this  measured 
transition.  Analysis  of  fundamental  sources  of 
frequency  instability  indicates  that  long  term 
stability  of  2  •  10~16  is  feasible  for  this  device 
with  existing  technology  for  r  >  106  seconds. 

Introduction 

Atomic  frequency  standards  with  high  stability  for 
averaging  times  r  longer  than  1000  seconds  are  nec¬ 
essary  for  a  variety  of  astrophysical  measurements 
and  long  baseline  spacecraft  ranging  experiments. 

‘This  work  described  in  this  paper  was  carried  out  at  the 
Jet  Propulsion  Laboratory,  California  Institute  of  Technology, 
under  a  contract  with  the  National  Aeronautics  and  Space 
Administration. 
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The  millisecond  pulsar,  PSR  1937+27,  shows  sta¬ 
bility  in  its  rotational  period  that  exceeds  that  of 
all  man-made  clocks  for  averaging  times  longer  than 
6  months.  Comparison  of  this  pulsar  period  with 
an  earth  based  clock  of  stability  1  ■  10“ 15  over  av¬ 
eraging  periods  of  one  year  is  expected  to  show  the 
effects  of  very  low  frequency  gravitational  waves[l,2]. 
Spacecraft  ranging  measurements  across  the  solar 
system  would  be  improved  with  earth  based  clocks 
whose  stabilities  exceeded  1  •  10“ 15  for  averaging 
times  of  104  to  1U5  seconds.  This  clock  performance 
would  also  improve  gravity  wave  searches  in  space¬ 
craft  ranging  data.  Another  use  for  long  term  stable 
clocks  in  NASA’s  Deep  Space  Network  would  be  in 
maintaining  syntonization  with  UTC. 

We  are  developing  a  fieldable  frequency  standard 
based  on  199 Hg+  ions  confined  in  a  linear  ion  trap 
which  should  show  unprecedented  long  term  fre¬ 
quency  stability.  Typically  the  largest  source  of 
frequency  offset  stems  from  the  motion  of  the  ions 
caused  by  the  trapping  fields  via  the  second-order 
Doppler  or  relativistic  time  dilation  effect.  More¬ 
over,  instability  in  certain  trapping  parameters,  e  g., 
trap  field  strength,  temperature,  and  the  actual  num¬ 
ber  of  trapped  particles  will  influence  the  frequency 
shift  and  lead  to  frequency  instabilities.  Since  this 
offset  grows  with  the  number  of  ions,  a  trade-off  sit¬ 
uation  results,  where  fewer  ions  are  trapped  in  order 
to  reduce  the  (relatively)  large  offset  which  would 
otherwise  result. 

A  conventional  hyperbolic  or  Paul  trap  is  shown  in 
Fig.  1.  With  the  electrodes  biased  as  shown  ions  are 
trapped  around  the  point  node  of  the  rf  electric  field 
at  the  center.  The  strength  of  the  electric  field  and 
the  resulting  micromotion  of  the  trapped  particles 
grows  linearly  with  distance  from  this  node  point. 
As  ions  are  added  the  size  of  ion  cloud  grows  until 
the  second  order  Doppler  shift  arising  from  the  mi¬ 
cromotion  in  the  trapping  field  dominates  the  second 
order  Doppler  shift  from  the  ion’s  thermal  motion 
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Figure  1:  A  conventional  hyperbolic  RF  ion  trap. 
A  node  of  the  RF  and  DC  fields  is  produced  at  the 
origin  of  the  coordinate  system  shown. 


Figure  2:  The  rf  electrodes  for  a  linear  ion  trap.  Ions 
are  trapped  along  the  line  of  nodes  of  the  rf  field 
with  reduced  susceptibility  to  second-order  Doppler 
frequency  shift. 


at  room  temperature.  For  typical  operating  condi- 
tions[3,9]  a  spherical  cloud  containing  2  ■  106  mercury 
ions  shows  a  2nd  order  Doppler  shift  of  2  ■  10~12,  a 
value  some  ten  times  larger  than  that  for  mercury 
ions  undergoing  room  temperature  thermal  motion. 

We  have  designed  and  are  currently  testing  a  hy¬ 
brid  rf/dc  linear  ion  trap  which  allows  an  increase 
in  the  number  of  stored  ions  with  no  correspond¬ 
ing  increase  in  second-order  Doppler  shift  from  the 
micromotion  generated  by  the  trapping  fields.  This 
trap  confines  ions  along  a  line  of  nodes  of  the  rf  field 
(see  Fig. 2).  The  trapping  force  transverse  to  the  line 
of  nodes  is  generated  by  the  pondermotive  force  as 
in  conventional  Paul  traps  while  the  axial  trapping 
force  is  provided  by  dc  electric  fields  [3-7]. 

We  can  compare  the  second-order  Doppler  shift, 
A ///  generated  by  the  trapping  fields  for  a  cloud 
of  ions  in  a  linear  trap  and  a  conventional  Paul  trap 
[3,4]  assuming  that  both  traps  are  operated  so  that 
the  ions  have  the  same  secular  frequency  w.  When 
the  same  number  of  ions,  N,  are  held  in  both  traps 
the  average  distance  from  an  ion  to  the  node  line 
of  the  trapping  field  is  greatly  reduced  in  the  linear 
trap.  Since  the  perpendicular  distance  from  the  line 
of  nodes  determines  the  magnitude  of  the  rf  trapping 
field  the  2nd  order  Doppler  shift  of  an  ion’s  transi¬ 
tion  frequency  due  to  motion  in  the  trapping  field  is 
reduced  from  that  of  a  conventional  point  node  trap. 
If  Rsph  <s  the  ion  cloud  radius  : <i  the  Paul  trap  and  L 
is  the  ion  cloud  length  in  the  linear  trap  the  Doppler 
shift  in  the  two  traps  are  related  by[3] 


As  more  ions  are  added  to  the  linear  trap  this  shift 
will  increase.  It  will  equal  that  of  the  spherical  ion 
cloud  in  a  hyperbolic  trap  when 

Nun  =  \~Ntph.  (2) 

0  lisph 

These  expressions  are  valid  when  the  ion  cloud 
radii,  Run  and  R,ph,  are  much  larger  than  the  De¬ 
bye  length.  This  is  the  characteristic  plasma  density 
fall  off  length  at  the  ion  cloud  edge  and  is  about  0.4 
mm  for  typical  Hg+  ion  plasmas  used  in  frequency 
standard  work  [3,9]. 

In  addition  to  its  larger  ion  storage  capacity  the 
dependence  of  the  2nd  order  Doppler  shift  on  trap¬ 
ping  parameters  in  a  linear  trap  is  very  different  from 
that  in  a  conventional  Paul  trap.  For  many  ions  in  a 
Paul  trap  this  shift  is  given  by [3,12] 


where  u>  is  the  secular  frequency  for  a  spherical  ion 
cloud  containing  N  ions  each  with  charge  to  mass 
ratio  q/m.  c  is  the  speed  of  light  and  t0  is  the  per¬ 
mittivity  of  free  space.  Ions  in  a  linear  trap  show  a 
2nd  order  Doppler  shift  from  the  motion  generated 
by  the  rf  confining  field  given  by[3] 
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(4) 


where  L  is  the  length  of  the  ion  cloud. 

In  contrast  to  the  spherical  case  as  descrihed  in 
Eq.(3),  this  expression  contains  no  dependence  on 
trapping  field  strength,  as  characterized  by  u>,  and 
depends  only  on  the  linear  ion  density  N/L.  That 
is,  for  an  infinitely  long  linear  trap  where  end  effects 
are  negligible,  if  the  rf  confining  voltage  increases 
and  consequently  the  micromotion  at  a  given  point 
in  space  increases,  the  ion  cloud  radius  will  decrease 
(because  the  radial  trapping  force  increases  with  rf 
level)  so  that  the  2nd  order  Doppler  from  the  trap 
fields  remains  constant. 

The  finite  length  linear  trap  depends  on  variations 
in  radial  trapping  strength  (characterized  by  w)  as(4] 


(¥L  '  L  w 


(5) 


Similarly,  for  variations  in  endcap  voltage  we  find 


where  Rt  is  the  trap  radius.  The  Paul  trap  shows  a 
corresponding  sensitivity  to  trap  field  strength  vari¬ 
ations 


A  comparison  of  Eqs.  (5)  and  (7)  shows  the  linear 
trap  based  frequency  standard  to  be  less  sensitive  to 
variations  in  trapping  field  strength  than  the  Paul 
trap  by  a  factor  of  3Rt/L.  for  the  trap  described  in 
the  next  section  this  factor  is  about  1/3. 


Linear  Trap  Description 

Our  linear  trap  is  shown  in  Fig.  3.  The  full  size 
of  the  total  system  is  about  150cm  tall  by  60cm 
square  as  shown  in  Fig.  4.  The  operation  of  the 
trap  as  a  frequency  standard  is  similar  to  previous 
work  [8,9].  The  ions  are  created  inside  the  trap  by 
an  electron  pulse  along  the  trap  axis  which  ionizes  a 
neutral  vapor  of  i99Hg.  A  helium  buffer  gas  (10~5 
torr)  collisionally  cools  the  ions  to  near  room  temper¬ 
ature.  Resonance  radiation  (194  nm)  from  a  202 Hg 


Figure  3:  Linear  Ion  Trap  Assembly  View.  The  trap 
is  housed  in  a  3.375"  vacuum  cube  State  selection 
light  from  the  202 Hg  discharge  lamp  enters  from  the 
right,  is  focused  onto  the  central  1/3  of  the  trap 
and  is  collected  in  the  horn  Fluorescence  from  the 
trapped  ions  is  collected  in  a  direction  normal  to  the 
page. 


discharge  lamp  optically  pumps  the  ions  into  the  1=0 
hyperfine  level  of  the  ground  state.  This  l  V  light  is 
focused  onto  the  central  1/3  of  the  75  mm  long  ion 
cloud.  The  thermal  motion  of  the  ions  along  the 
length  of  the  trap  will  carry  all  the  ions  through  the 
light  field  so  that  pumping  is  complete  in  about  1  5 
seconds  for  typical  lamp  intensities. 

To  minimize  stray  light  entering  the  fluorescence 
collection  system  this  state  selection  light  is  collected 
in  a  pvrex  horn  as  shown  in  Fig.  4.  The  placement 
of  the  LaBg  electron  filament  is  also  chosen  to  pre¬ 
vent  light  from  the  white  hot  filament  from  entering 
the  collection  system.  Its  placement  and  relatively 
cool  operating  temperature  together  with  good  fil¬ 
tering  of  the  state  selection/intcrrogation  UV  light 
in  the  input  optical  system  have  allowed  frequency 
standard  operat  ion  without  the  use  of  a  194  nm  opti¬ 
cal  bandpass  filter  in  the  collection  arm.  This  triples 
data  collection  rates  since  such  filters  typically  have 
about  30%  transmission  for  194  nm  light. 

Microwave  radiation  (40.5  GHz)  propagates 
through  the  trap  perpendicular  to  the  trap  axis 
thereby  satisfying  the  Lamb-Dicke  requirement  that 
the  spatial  extent  of  the  ion’s  motion  along  the  di¬ 
rection  of  propagation  of  the  microwave  radiation  be 
less  than  a  wavelength .  This  radiation  enters  the 
trap  region  through  the  pyrex  horn  (see  Fig.  4) 
and  propagates  in  the  opposite  direction  to  the  UV 
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Figure  4:  The  full  trap  vacuum  system  and  support 
stand.  The  full  height  is  about  5  feet  and  is  about 
2  feet  on  each  side.  In  the  measurements  described 
here  the  magnetic  shields  were  absent. 

state  selection/interrogation  light.  This  allows  fluo¬ 
rescence  collection  in  both  directions  perpendicular 
to  the  plane  of  the  page  in  Fig.4.  For  the  resonance 
and  stability  data  shown  below  fluorescence  was  col¬ 
lected  in  only  one  of  these  two  directions. 

Frequency  Standard  Operation 

We  have  used  Ramsey’s  technique  of  successive  os¬ 
cillatory  fields  to  probe  the  approximately  40.5  Ghz 
clock  transition  in  199 H g+  ions  confined  to  the  lin¬ 
ear  trap  described  above. In  these  measurements  the 
40.5  Ghz  signal  is  derived  from  an  active  Hydrogen 
maser  frequency  source.  One  of  the  first  resonance 
lines  measured  is  shown  in  Fig.  5.  The  sequence  of 
operations  leading  to  each  of  the  400  measurements 
(10  mHz  per  frequency  step)  begins  with  a  .5  second 
electron  pulse  to  maintain  a  steady  state  population 
of  trapped  Hg  ions.  The  202Hg  discharge  lamp  is 
on  during  this  time  preparing  the  ions  in  the  F=0 
hyperfine  state  of  the  ground  level.  The  rf  power 
driving  the  lamp  discharge  is  then  reduced  so  that 
only  a  dim  discharge  exists.  At  the  same  time  a 
.75  second  microwave  pulse  is  started  followed  by  a 
1.7  second  free  precession  period.  After  a  final  .75 
second  microwave  pulse  the  lamp  is  switched  to  the 
bright  discharge  mode.  The  signal  shown  in  Figs. 


Figure  5:  199 H g+  clock  transition  as  measured 

with  Ramsey’s  method  of  successive  oscillating  fields. 
This  line  shape  results  from  two  0.75  second  mi¬ 
crowave  pulses  separated  by  a  17  second  free  pre¬ 
cession  period.  The  central  line  is  about  160  rnllz 
wide. 


5,  6,  and  7  is  the  atomic  fluorescence  counted  dur¬ 
ing  a  1  to  1.5  second  period  following  the  lamp  turn 
on.  The  measurement  shown  in  Fig.  5  is  the  av¬ 
erage  of  20  scans.  The  line  shape  shown  in  Fig.  6 
was  obtained  with  two  pulses  of  .275  second  duration 
separated  by  a  4  second  free  precession  period  It  is 
the  average  of  7  scans.  Our  highest  Q  line  is  shown 
in  Fig.  7  and  is  derived  from  two  pulses  .275  seconds 
long  separated  by  a  16  second  free  precession.  The 
linewidth  A /  =  30  mHz  represents  a  line  Q  =  //A/ 
of  13  1012  on  the  40.5  Ghz  transition.  The  data 
shown  is  an  average  of  4  full  scans. 

We  have  locked  the  output  frequency  of  a  40.5  Ghz 
source  to  the  frequency  of  the  central  peak  of  the  res¬ 
onance  shown  in  Fig.  6  in  a  sequence  of  512  measure¬ 
ments  [8].  The  time  required  for  each  measurement 
is  about  6.3  seconds.  By  averaging  the  frequencies  of 
2n  adjacent  measurements  ( N  =  1 ,2, . . ,7)  we  form  the 
modified  Allan  variance  giving  frequency  stability  as 
shown  in  Fig. 8.  Also  shown  in  that  figure  are  other 
frequency  standards  including  the  active  hydrogen 
masers  used  in  JPL’s  Deep  Space  Network.  The  up¬ 
per  dashed  curve  represents  expected  performance 
based  on  the  improved  line  Q  and  SNR  demonstrated 
in  the  30  mHz  resonance  of  Fig.  7.  The  lower  dashed 
line  shows  the  expected  improvement  by  the  addition 
of  a  second  set  of  collection  optics,  as  allowed  by  our 
trap  geometry.  This  latter  performance  is  projected 
to  be  approximately  5  •  10-14/-*/?  for  r  >  150  sec¬ 
onds.  All  measurements  reported  in  this  work  were 
made  with  no  magnetic  shielding  of  the  ion  trap  re- 
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Figure  6:  Resonance  data  for  two  0.275  second  pulses 
separated  by  a  4  second  free  precession  period.  The 
curve  shown  is  an  average  of  7  scans  with  a  back¬ 
ground  light  level  of  about  150000  subtracted.  The 
central  peak  is  about  110  mHz  wide. 


FREQUENCY  OFFSET  (Hz) 


Figure  7:  The  highest  line  Q  data.  In  this  measure¬ 
ment  the  two  microwave  pulses  of  0.275  seconds  are 
separated  by  a  16  sec  free  precession  period.  The 
fringe  width  is  30  mHz  and  the  data  shown  is  an 
average  of  4  scans. 


Figure  8.  Measured  stability  for  the  160  mllz  res¬ 
onance  line  of  Figure  5.  Fractional  frequency  sta¬ 
bility  is  1.6  10 ~l3/yfr  for  50  >  r  >  800  sec.  The 
dashed  lines  below  the  measured  data  represent  pro¬ 
jected  stability  for  the  30  mHz  data  shown  in  Fig. 7. 
The  lowest  dashed  line  is  the  expected  performance 
when  the  fluorescence  collection  system  is  fully  im¬ 
plemented  (5  ■  10 ~14/y/r). 

gion.  Variations  in  the  ambient  laboratory  fields  in 
the  absence  of  shields  degraded  long  term  stability 
(t  >  800  seconds). 

Local  Oscillator  Requirements 

As  the  performance  of  passive  atomic  and  ionic 
frequency  standards  improves,  a  new  limitation  is 
encountered  due  to  fluctuations  in  the  local  oscilla¬ 
tor  (L.O.).  This  limitation  continues  to  the  longest 
times,  having  the  same  \  j\fr  dependence  on  measur¬ 
ing  time  r  as  the  inherent  performance  of  the  stan¬ 
dard  itself.  The  cause  of  this  effect  is  time  variation 
of  the  sensitivity  to  L.O.  fluctuations  due  to  the  in¬ 
terrogation  process.  This  limitation  was  evaluated  in 
a  recent  calculation  for  sequentially  interrogated  pas¬ 
sive  standards[10].  Since  our  trapped  ion  standard 
is  of  this  type,  the  analysis  should  be  directly  appli¬ 
cable.  In  a  new  calculation  the  limitation  has  also 
been  evaluated  for  the  sine  wave  FM  interrogation 
used  in  cesium  and  rubidium  standards[il]. 

Roughly  speaking,  the  analysis  shows  that  the  lo¬ 
cal  oscillator  must  have  frequency  stability  at  least 
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as  good  as  that  of  the  standard  itself,  for  a  mea¬ 
suring  time  equal  to  the  cycle  time  tc.  Thus  our 
trapped  mercury  ion  frequency  source  with  perfor¬ 
mance  of  <rv(r)\sTD  =  1.6  •  10"13/v/?  and  a  cycle 
time  of  tc  =  6  seconds  requires  a  L.O.  with  perfor¬ 
mance  of  <ry(6)|£.  o  =  1.6  •  10-13/\/6  ss  7  10"14. 
This  value  is  4  to  12  times  lower  than  that  available 
from  presently  available  quartz  oscillators.  Opera¬ 
tion  of  the  trapped  ion  standard  with  a  longer  cycle 
time  and  higher  performance  places  an  even  more 
stringent  burden  on  the  local  oscillator.  This  can  be 
ameliorated  somewhat  if  the  dead  time  can  be  kept 
very  small[10]. 

While  stand-alone  operation  at  the  highest  perfor¬ 
mance  levels  may  place  unattainable  requirements 
on  available  crystal  quartz  local  oscillators,  applica¬ 
tion  as  a  stabilizer  for  a  hydrogen  maser,  or  other 
ultra-high  stability  source  such  as  a  higli-Q  cryogenic 
oscillator,  is  straightforward.  However,  in  such  an 
application,  the  hydrogen  maser’s  frequency  would 
not  be  steered  to  that  of  an  independently  operat¬ 
ing  trapped  ion  source.  The  maser’s  output  signal 
would  instead  be  used  itself  to  interrogate  the  ionic 
transition.  Information  thus  gathered  would  be  used 
to  compensate  for  long  term  variation  in  the  maser 
frequency. 

Sources  of  Frequency  Instabil¬ 
ity 

Figure  9  shows  the  leading  sources  of  perturba¬ 
tions  to  the  ion  hyperfine  clock  transition  in  the  op¬ 
erating  conditions  we  foresee.  By  running  the  clock 
with  about  5  106  trapped  ions  we  will  have  reduced 
the  2nd  order  Doppler  shift  from  the  trap  field  to 
near  its  minimum  value  for  room  temperature  oper¬ 
ation.  Controlling  ion  number  to  0.1%  will  stabilize 
this  source  of  frequency  jitter  to  2  —  3  10-16.  This 
level  of  ion  number  control  has  been  demonstrated 
by  Cutler  et  al[12] . 

Only  modest  temperature  regulation  (0.1  K)  is  re¬ 
quired  to  reduce  variation  in  the  2nd  order  Doppler 
shift  due  to  thermal  motion  to  a  value  smaller  than 
1  •  10" 16.  Variations  in  helium  bufFer  gas  pressure 
also  influence  the  clock  transition[12]  and  will  require 
pressure  stabilization  to  about  0.4%.  This  require¬ 
ment  is  less  stringent  than  regulation  of  hydrogen  gas 
pressure  in  present  day  commercial  active  H-masers. 

The  fractional  sensitivity  of  the  199 Hg+  clock  tran¬ 
sition  to  magnetic  field  variations  is  nearly  1000 
times  less  than  that  of  hydrogen  at  the  same  op- 


Figure  9:  Perturbations  to  the  199  H g+  clock  transi¬ 
tion  for  approximately  5  •  106  ions  held  in  the  linear 
ion  trap  described  in  the  text. 

erating  field.  Operating  at  0.2pT  (2  mG)  field  would 
require  stabilization  of  the  current  in  the  Helmholtz 
Coils  to  0  5%  (Fig.  4)  to  reach  the  10" 1C  level.  At 
this  field  the  199  Hg+  sensitivity  is  l  10" 14  per  10  pT 
(mG)  of  field  change  at  the  position  of  the  ion  To 
prevent  variations  in  ambient  field  from  influencing 
the  clock’s  output  frequency  we  will  install  a  triple 
layer  set  of  shields  with  shielding  factor  10,000. 

The  Stark  shift  of  the  atomic  transition  from  the 
rf  electric  field[13]  is  smalle-  than  the  2nd  Doppler 
induced  by  the  same  electric  field,  thus,  controlling 
2nd  Doppler  will  more  than  adequately  control  the 
Stark  shift. 

Conclusions 

We  have  demonstrated  the  increased  signal-to- 
noise  and  short  term  stabi’iy  inherent  in  a  linear 
ion  trap  based  frequency  standard.  Clock  operation 
with  line  Q  —  2.5  •  1011  has  achieved  performance  of 
1.6  10 for  50  <  r  <  300  seconds.  Measured 
line  Q’s  of  as  high  as  1 .3-1 012  have  been  measured,  in¬ 
dicating  consequent  performance  for  this  trap  as  high 
as  5-10"14/\/r  for  r  >  150  seconds.  The  requirement 
for  local  oscillator  stability  required  to  achieve  this 
performance  is  quite  stringent.  However,  an  applica¬ 
tion  to  stabilize  the  frequency  of  a  hydrogen  maser  or 
cryogenic  oscillator  for  very  long  times  seem  straight¬ 
forward.  Analysis  of  fundamental  sources  of  atomic 
perturbations  and  their  control  shows  that  stability 
of  10" 16  is  feasible  for  r  >  106  seconds. 
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Abstract 

Recent  measurements  on  the  superconduct¬ 
ing  cavity  maser  (SCM)  oscillator  show  fre¬ 
quency  stability  of  parts  in  1 0 1  r>  for  times  from 
1  second  to  1000  seconds.  Phase?  noise  of 
approximately  —80 dB/f*  was  also  measured. 
We  believe  this  short  and  mid  term  perfor¬ 
mance?  to  be  better  than  that  of  any  known 
microwave  oscillator.  In  particular,  measured 
stability  at  1  seconel  interval  is  10  times  bet¬ 
ter  than  that  of  a  hydrogen  maser,  and  phase? 
noise  at  8  GHz  is  more  than  20  elD  bele>w  that 
of  the?  be?st  multiplied  epiartz  crystal  oscilla¬ 
tors. 

Introduction 

The  superconducting  cavity  maser  (SCM)  is  a  he¬ 
lium  cooled,  all-cryogenic  oscillator  with  superior 
stability  at  short  measuring  times[l .2,3,4].  It  differs 
from  other  superconducting  cavity  stabilized  oscilla¬ 
tor  (SCSO)  designs[5,6,7]  in  its  use  of  a  very  rigid 
( Q  %  10;')  sapphire-filled  stabilizing  cavity,  and  in 
its  all- cryogenic  design;  excitation  being  provided  by 
an  ultra-low  noise  cryogenic  ruby  maser. 

A  comparison  of  ultra-stable  atomic  frequency 
sources  shows  active  hydrogen  masers  to  be  supe¬ 
rior  to  passive  atomic  standards  in  short  term  sta¬ 
bility  (1  second  <  r  <  100  seconds).  Performance 
of  the  SCM  at.  short  measuring  times  is  superior 

*  1  bis  work  described  in  this  paper  was  earned  out  at  the 
Jet  Propulsion  Laboratory,  California  Institute  of  Technology, 
under  a  contract  with  the  National  Aeronautics  and  Space 
Administration. 
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even  to  the  active  hydrogen  maser.  Like  the  hy¬ 
drogen  maser,  the  SCM  is  also  an  active  oscillator. 
The  advantage  of  the  SCM  is  its  larger  output  signal 
power  (r:  10"*'Watt  vs  %  1 0 —  1 ' Wat t  for  the  hydro¬ 
gen  maser).  Long  term  performance  is  limited  by 
variation  of  the  operating  parameters,  such  as  tem¬ 
perature.  drive  power,  output  VSWR  etc.,  depend¬ 
ing  on  the  sensitivity  of  the  SCM  to  these  various 
parameters. 

Figure  1  shows  a  block  diagram  of  the  improved 
oscillator.  The  three  cavity  oscillator,  consisting  of  a 
ruby  maser,  coupling  cavity,  and  a  high  Q  load  on 
sapphire  cavity,  have  been  discussed  previously^]. 
Oscillation  at  a  frequency  of  2.G!)  GHz  results  from 
ruby  maser  operation  with  a  13.1  (III/  pump  fre¬ 
quency  to  create  a  population  inversion.  Knorgy  level 
splittings  in  the  Ruby  are  matched  to  that  of  the 
liigli— Q  cavity  by  means  of  a  bias  field  provided  by 
a  superconducting  solenoid.  Frequencies  of  the  three 
modes  of  the  coupled  cavity  system  are  spaced  rel¬ 
atively  close  to  each  other  (59c  spacing)  in  order  to 
couple  effectively,  but  are  spaced  far  enough  from 
each  other  to  allow  mode  selection  by  adjustment  of 
the  bias  field [2] . 

Experimental  Aspects 

Substantial  technical  improvements  have  been 
made  to  eliminate  frequency  instability  due  to  opera¬ 
tional  parameters.  They  are  temperature,  pump  fre¬ 
quency,  pump  power,  pump  frequency  polarization, 
temperature  gradient,  coupling  strength  and  output 
VSWR.  We  have  either  stabilized  the  parameter  or 
minimized  the  coefficient  which  couples  the  parame¬ 
ter  *o  the  operating  frequency. 
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Figure  1:  Schematic  diagrams  of  the  Superconduct¬ 
ing  Cavity  Maser  (SCM)  oscillator  with  improved 
temperature  control  system.  Recent  modifications 
include  consolidation  of  heating  and  cooling  elements 
to  prevent  thermal  regulation  power  from  flowing 
through  the  oscillator  assembly.  A  direct  output  cou¬ 
pler  and  microwave  isolator  were  installed  to  reduce 
noise  and  increase  stability.  The  cryogenic  polarizer 
was  added  to  provide  effective  and  reproducible  ruby 
pumping. 
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Figure  2:  Two  sample  Allan  Deviation  of  the 
SCM  tested  with  SCSO  and  hydrogen  maser  refer¬ 
ences.  Filled  squares  show  data  of  SCM/SCSO;  open 
squares  are  SCM/Hydrogen  Maser  data. 


The  temperature  dependence  of  the  output  fre¬ 
quency  for  the  SCM  shows  an  extremum  in  the 
range  between  1  and  2  Kelvins[4].  From  a  func¬ 
tional  point  of  view,  the  presence  of  the  frequency 
maximum  at  about  1.57  Kelvin  is  an  extremely  de¬ 
sirable  feature  since  it  allows  operation  of  the  oscil¬ 
lator  in  a  region  of  vanishingly  small  temperature 
coefficient.  The  quadratic  coefficient  in  6f/f  at  the 
maximum  is  3.3-  10_9/Kelvin2.  Thus  a  temperature 
accuracy  of  one  milliKelvin  together  with  a  stabil¬ 
ity  of  30  mirroKelvins  allows  a  frequency  stability  of 

tL  -  2-  10'16. 

Frequency  dependence  on  microwave  pump  fre¬ 
quency  and  amplitude  has  also  been  studiedpl].  Since 
the  pump  power  is  very  much  more  difficult  to  stabi¬ 
lize  than  its  frequency,  a  major  feature  of  the  results 
to  date  is  a  “valley”  where  the  sensitivity  to  pump 
power  is  greatly  reduced.  In  this  region  the  slope  is 
<  2  •  10_I3/db,  a  value  100  times  smaller  than  was 
typically  found. 

Several  recent  improvements  have  made  increased 
stability  possible.  They  are  listed  as  following: 

1.  Extension  of  operational  period:  The  1.57 
Kelvin  cooling  system  was  changed  from  closed  bath 
refrigeration  to  continuous  flow.  The  operat ional  pe¬ 
riod  was  extended  from  3  days  to  7  days,  limited  only 
by  the  storage  time  of  the  larger  4.2  Kelvin  helium 
bath  from  which  the  small  flow  is  drawn.  We  ex¬ 
pect  to  extend  this  to  30  days  with  a  better  dewar. 
This  modification  also  provides  continuous  operat  ion 
of  the  SCM  during  helium  transfer. 

2.  Improved  temperature  stability:  Temperature 
fluctuation  has  been  minimized  to  40  microKelvins,  a 
factor  of  1000  improvement.  Previously  we  measured 
a  parabolic  curve  of  oscillation  frequency  versus 
temperature  with  a  frequency  maximum  near  1.57 
Kelvin.  With  present  temperature  control  capacity, 
even  a  temperature  offset  of  100  milliKolvins  would 
only  degrade  the  frequency  stability  to  4  ■  10-1"1.  We 
are  able  to  operate  in  the  region  of  nominally  zero 
temperature  coefficient  with  a  temperature  accuracy 
of  one  milliKelvin. 

3.  Reduction  of  temperature  gradients  across  os¬ 
cillator:  Substantial  reduction  in  thermal  gradients 
was  made  by  modification  of  the  cryogenic  temper¬ 
ature  control  system.  Gradients  associated  with  the 
regulation  configuration  were  eliminated  by  consoli¬ 
dating  the  heating  and  cooling  elements  to  allow  a 
single  thermal  contact  point  to  the  oscillator  assem¬ 
bly. 

4.  More  effective  ruby  pumping:  A  fixed  rectangu¬ 
lar  waveguide  was  installed  with  pump  signal  B-field 
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perpendicular  to  the  ruby  c  axis.  This  cryogenic  po¬ 
larizer  should  eliminate  the  primary  remaining  sys¬ 
tem  uncertainty,  and  allow  reliable  operation  from 
run  to  run. 

5.  Improved  pump  signal  propagation:  Elimina¬ 
tion  of  a  coaxial  signal  transmission  line  within  the 
pump  waveguide  now  allows  a  more  direct  pump  sig¬ 
nal  path.  A  waveguide  adaptor  was  installed  and  a 
teflon  window  was  used  for  vacuum  seal  and  allowing 
low  loss  microwave  propagation.  It  is  expected  that 
less  pump  power  will  be  required  to  obtain  oscilla¬ 
tion  since  the  unmatched  impedance  caused  by  the 
right  angle  feed  will  be  eliminated. 

(i.  Reduction  of  in-oscillator  noise  due  to  back 
coupling  from  the  room-temperature  amplifier:  We 
have  installed  a  cryogenic  isolator[8],  to  prevent 
room-temperature  radiation  from  coupling  into  the 
oscillator  and  also  to  reduce  sensitivity  of  the  oper¬ 
ational  frequency  to  output  V’SWR. 

Measurements 

The  improvements  discussed  above  have  made 
possible  excellent  stability  at  both  relatively  long 
(10000  seconds)  and  very  short.  (1  second)  measur¬ 
ing  times.  In  order  to  characterize  performance  of 
tin'  SOM  at  shorter  times,  we  obtained  the  use  of 
another  cryogenic  oscillator  (SOSO)  for  use  as  a  fre¬ 
quency  reference  [5,6].  Substantial  improvement  in 
other  instrumentation  was  also  necessary.  New  pro¬ 
cedures  included  bypassing  the  receiver  of  the  SOSO 
in  order  to  make  direct  measurements  between  mi¬ 
crowave  frequency  signals.  Long  term  measurements 
primarily  made  use  of  a  Hydrogen  maser  as  frequency 
reference. 

Figure  2  shows  raw  data  for  two  tests  of  the  SOM 
against  SOSO  and  Hydrogen  Maser  references.  The 
filled  squares  represents  data  of  the  SOM/SCSO  test 
and  open  squares  the  SOM/Hydrogen-Maser  data. 
Performance  of  the  SOM  is  clearly  superior  to  hydro¬ 
gen  maser  for  measuring  times  shorter  than  about 
lit)  seconds,  and  superior  to  that  of  the  SOSO  for 
times  longer  than  about  200  seconds.  SCM  perfor¬ 
mance  can  be  well  characterized  for  times  longer  than 
HO  seconds  due  to  overlap  of  the  two  data  sets  and 
the  well  characterized  hydrogen  maser  stability  as 
shown  in  Figure  3.  However,  only  the  test  with  the 
SCSO  reference  provides  detailed  information  about 
SCM  performance  at  times  shorter  than  30  seconds 
and  so  the  contributions  of  the  two  sources  cannot 
be  absolutely  distinguished  for  short  times.  In  pre¬ 
vious  tests  of  several  SCSO  sources,  a  slope  at  short 


measuring  times  was  reported,  reaching  a  value  of 
1  10“  14  at  1  second[6].  This  SCSO  variability  is  suf¬ 
ficient  to  explain  the  slope  in  our  data  for  times  less 
than  about  5  seconds  as  shown  in  Figure  2 

Figure  3  shows  SCM  stability  inferred  from  the 
two  sets  of  data  shown  in  Fig.  2  Stability  for  a 
single  hydrogen  maser  is  also  shown.  A  conservative 
estimate  was  made  for  short  t  imes  of  equal  contribu¬ 
tions  by  the  two  cryogenic  sources.  If  the  slope  at 
the  shortest  times  is  due  io  the  SCSO.  as  discussed 
above,  SCM  performance  would  be  4  —  5  •  10~15  for 
all  times  from  1  second  to  1000  seconds. 

In  a  three  corner  bat  measuring  scheme,  using  the 
SCSO  and  a  hydrogen  maser  as  references,  perfor¬ 
mance  of  SCM  was  shown  to  be  better  than  hydro¬ 
gen  maser  for  all  times  shorter  than  70  seconds  with 
long  term  performance  better  than  the  SCSO. 

Figure  4  shows  the  results  of  phase  noise  measure¬ 
ment  between  two  signals  at  8.1  CHz  derived  from 
the  cryogenic  oscillators.  A  value  of  -80dH//J  was 
measured,  which  is  25dB  better  than  the  newly  up¬ 
graded  hydrogen  maser  and  is  20dI3  better  than  the 
best  quartz  oscillator  reported. 

In  order  to  combine  the  short  term  stability  of  the 
SCM  with  the  long  term  stability  of  the  hydrogen 
maser  we  have  modified  the  SCM  to  allow  its  fre¬ 
quency  to  be  tuned.  A  coil  lias  been  installed  on 
the  ruby  housing  to  allow  the  bins  field  to  by  slightly 
modified,  and  so  to  tune  the  frequency  of  oscillation 
within  the  passband  of  the  high  Q  resonator.  This 
coil,  with  60  turns,  gives  a  sensitivity  of  7  10-12  per 
mA  with  a  range  of  approximately  10-l°.  This  range 
is  sufficient  to  accommodate  the  typical  SCM  drift 
of  4  •  10_1'J/day  in  long  term  operation. 

Conclusions 

We  h  ave  demonstrated  a  frequency  stability  of 
parts  in  1015  for  all  times  from  1  to  1000  seconds 
for  the  SCM.  The  measured  stability  of  8- 10-15  at  1 
second  is  10  times  better  than  the  hydrogen  maser  at 
the  same  measuring  time,  and  improvement  over  the 
hydrogen  maser  is  shown  for  all  times  from  1  to  30 
seconds.  We  believe  these  results  to  be  better  than 
any  known  RF  or  microwave  frequency  source. 

Ultra-stable  frequency  sources  like  the  SCM  will 
make  possible  new  experiments  with  high  sensitiv¬ 
ity.  An  experiment  on  gravitational  wave  search  is 
now  planned  in  1992  with  two  SCM  units  to  per¬ 
form  a  “three  -way”  experiment  with  Galileo  space¬ 
craft.  Furthermore,  the  SCM  can  be  used  to  iinani- 
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Figure  3:  Plot  of  Allan  Deviation  of  SCM  stability 
after  modification,  also  shown  is  stability  of  a  sin¬ 
gle  hydrogen  maser  reference.  Improvement  over  the 
hydrogen  maser  is  apparent  for  times  from  1  to  30 

seconds. 
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Figure  4:  Phase  noise  measurements  of  SCM  at  8.1 
GHz  show  improvement  of  20dB  over  the  best  multi¬ 
plied  5  MIIz  crystal  oscillator  performance  available 
at  X-band.  Noise  plot  for  various  conventional  X- 
band  frequency  sources  are  also  shown. 


biguously  characterize  the  performance  of  a  hydro¬ 
gen  maser  for  short  measuring  times. 

A  frequency  pulling  coil  has  been  implemented  and 
tested  to  enable  the  SCM  to  be  slaved  to  a  hydro¬ 
gen  maser.  This  combination  would  make  possible 
the  excellent  long  term  performance  of  the  hydrogen 
maser  combined  with  the  newly  available  short  term 
performance  of  the  SCM. 
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Abstract:  An  artifact  of  the  pulsed  microwave  power 
technique  used  to  measure  the  velocity  distributions  of  Cs 
beam  tubes  is  a  fine  structure  on  the  distribution.  In  pre¬ 
viously  reported  measurements  the  signal-to-noise  ratio  was 
not  high  enough  to  show  this  structure  clearly.  This  paper 
presents  results  that  show  this  structure  in  detail.  To  predict 
these  results,  a  simple  theory  has  been  used  that  considers 
the  Ramsey  response  function  (i.e.,  output  tube  current  vs. 
microwave  frequency)  as  being  a  simple  electrical-filter 
transfer  function  for  the  input  of  the  pulse-modulated  micro- 
wave  power.  Calculations  that  assume  the  principle  of  su¬ 
perposition  give  predictions  that  are  in  close  agreement  with 
the  measured  results.  This  theory  also  predicts  how  to  set  the 
pulse  width  so  that  the  fine-structure  artifact  is  minimized. 


Introduction 


The  knowledge  of  the  velocity  distribution  of  a  ce¬ 
sium  (Cs)  beam  tube  provides  considerable  insight  into  the 
performance  and  alignment  of  the  beam  optics,  which  in 
turn  affects  the  final  performance  of  the  frequency  standard. 
To  measure  these  velocity  distributions,  early  investigators 
[  1 .2.3  j  developed  a  method  that  used  the  pulsed  excitation  of 
atomic  beam  devices  that  had  Ramsey-type  interaction  re¬ 
gions;  this  allowed  for  the  observation  of  signals  that  were 
due  to  very  narrow  velocity  groups.  A  completely  automatic 
system  that  employed  this  pulsed  microwave  technique  was 
set  up  in  our  laboratories.  Figure  1  is  a  block  diagram  of  the 
equipment  used;  the  set-up  is  described  in  detail  in  [4], 

Figure  2  shows  the  operation  of  the  Ramsey  cavity 
with  pulsed  microwave  power.  For  a  pulse  period  of  T  the 
velocity  v  selected  is  LIT ,  as  shown.  The  pulse  width  t  is 
chosen  to  be  less  than  the  Cs  ions’  time  of  flight  through  the 
interaction  regions,  i.e.,  less  than  l/v. 

In  the  process  of  making  some  of  our  early  velocity- 
distribution  measurements,  we  noticed  what  appeared  to  be 
a  periodic  structure  on  the  distribution.  At  first  we  thought 
this  structure  to  be  noise  in  the  measurement  system:  howev¬ 
er,  as  we  improved  our  system  further,  we  could  see  that  the 
structure  was  clearly  there.  The  amplitude  of  this  structure 
was  found  to  be  a  function  of  the  pulse  width.  A  typical 
example  of  the  structure  is  shown  in  Figure  3,  which  is  a  plot 
of  the  Cs  velocity  distribution  p(v). 

CH2818- 3/90/0000-094  $1.00®  1990  IEEE 


Figure  1.  Block  Diagram  of  the  System  for  Measuring  the 
Velocity  Distribution  of  the  Cs  Beam  lube  under 
Pulsed  Microwave  Conditions 
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Figure  2.  Operation  of  the  Ramsey  Cavity  with  Pulsed  Mi¬ 
crowave  Power.  The  design  of  the  Ramsey  dual¬ 
interaction  region  allows  one  to  select  the  velocity 
of  the  atomic  beam  by  setting  the  period  T  of  the 
microwave  pulses. 
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Hume  3.  Measured  Velocity  Distribution  for  a  Cs  Ream 
lube  Using  a  Pulse  Width  of  37  psec  and  a  Peak 
Microwave  Power  of  2000  pW 

Discussion 

I  he  structure  shown  in  Figure  3  can  be  understood  by 
looking  at  the  pulse-power  spectrum  and  viewing  the 
Ramsey  response  function  as  a  filter  for  this  spectrum.  The 
Ramsey  response  for  the  tube  measured  in  Figure  3  is  shown 
in  Figure  4.  For  a  pulse  modulation  function  as  shown  in 
Figure  5.  the  Fourier  components  are  given  by 

[■(')  =  at. eos2.ru  1  ( [) 

where 

•T.  -  \  (2) 


and 


*» 

FREQUENCY,  31  kHz/di* 


Figure  4.  The  CW  Ramsey  Patterns  of  All  Seven  Transitions 
in  a  Cs  Beam  Tube 


Figure  5.  Pulse  Modulation  Waveform 


Fach  of  these  components  modulates  the  rf  carrier  to 
give  a  pair  of  equal  components  at /o  ±  n  /'.  where  J\\  is  the  rf 
carrier.  Figure  6  shows  this  amplitude  distribution  (which 
we  will  refer  to  as  the  sin  vu  distribution)  in  relation  to  the 
Ramsey  response  function.  For  the  particular  ('-field  used 
for  the  tube,  the  separation  in  the  Ramsey  responses  (i.e..  the 
Zeeman  frequency  fz)  was  38.86  kM/.  The  tube  length  /.  is 
=  12.5  cm:  therefore,  for  a  velocity  of  150  m  sec,  the  modu¬ 
lation  frequency  would  be  =  1200  Hz.  There  are  therefore 
38.86/1.2  s.33  components  between  the  component  at  fu 
and  the  component  at  f)  +  38.86  kHz.  Figure  6  is  drawn  for 
a  t  of  about  10  psec.  which  places  the  first  null  in  the  sin  a  x 
distribution  at  100  kHz.  For  ease  of  illustration,  the  separa¬ 
tions  of  the  pulse  components  are  depicted  as  much  wider 
than  is  actually  the  case. 


Figure  6.  Ramsey  Response  in  Relation  to  the  Pulsed  Mi¬ 
crowave  Spectrum  for  a  Narrow  Pulse  Width 


Figure  7  shows  the  location  of  the  components  for  the 
central  Ramsey  transition  as  well  as  for  the  first  upper  transi¬ 
tion.  Each  of  the  components  gives  a  maximum  current  and 
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therefore.  in  i lie  extent  that  the  principle  of  superposition 
applies,  the  output  current  will  he  a  maximum.  Ihe  rf 
Ircqucna  is  then  swept  and  the  component  in  the  output 
curtent  at  the  modulation  treejuency /m  (  =  1  7  I  is  then  the 
measute  ot  the  density  of  the  atoms  in  the  beam  at  the 
xelocitx  i ;  w hei e 

...  //„  (■)> 

I  he  carrier  is  then  reset  to/nand/m  is  changed  sligtilly  to/m 
i-  A/.  to  enable  one  to  look  at  a  slightly  different  xelocity.  rm 
+  Jo  .  I  hen 

A-  /  V  (3) 

Note  that  the  components  close  to/o  change  slowly;  i.e..  the 
Inst  sideband  pair  moves  by  A/,  the  second  by  2  A/,  and  so 
on.  However,  the  components  at  the  first  upper  transition 
move  very  rapidly:  i.e../t  is  very  high.  If  A/is  chosen  such  that 
each  of  the  components  at  the  first  upper  transition  moves  by 
t  .  we  will  again  have  a  maximum-current  situation.  Then 

U.  n.\f.  ((■>) 

but 


1  lence 

\i  l.J«  .  (S) 

In  other  words,  from  these  very  heuristic  arguments  a  line- 
structure  velocity  period  of  if  ///has  been  predicted. 


F  igure  7.  Main  and  Farst  Upper  Ramsey  Response  in  Rela¬ 
tion  to  the  Pulsed  Microwave  Spectrum 


We  should  note  that  although  Av  is  not  a  function  of 
the  pulse  period  t,  the  amplitude  of  the  structure  certainly 
will  be.  For  example,  a  pulse  that  is  much  narrower  than  \/f? 
will  result  in  a  very  broad  power  spectrum  (such  as  that 


show  n  m  Figure  />)  and  will  consequently  yield  a  large  ampli¬ 
tude  m  the  fine  structure.  Conversely,  it  ti  e  pulse  width  is 
chosen  so  as  to  put  the  nulls  in  the  sin  1  1  function  at  the 
upper  Ramsey  responses,  the  effect  xs all  be  minimized,  be¬ 
cause  a  smaller  share  of  the  sideband  energy  is  in  the  uppei 
and  lower  Ramsey  responses  I  Ills  c.o.  is  iMusliated  in 
I  iguie  S. 


I  igure  X.  Ramsey  Response  in  Relation  to  the  Pulsed  Mi¬ 
crowave  Spectium  tor  a  Pu'se  Width  that  Places 
the  Spectral  Nulls  at  the  (  '  ers  ot  the  t  ppei  and 
I  ower  Ramsey  Responses 

Measurements 

The  velocity  measurement  shown  in  F  igure  3  was  for 
a  pulse  width  of  37  psee.  The  Zeeman  frequency  for  this 
tube  was  3S.S6  kl  Iz  and  thus  the  second  maximum  in  the  sin 
.v/.v  distribution  is  very  close  to  the  first  upper  and  lower 
Ramsey  responses.  This  pulse  width  also  places  thi  third  anil 
fourth  maxima  in  the  sin. v/.v  distribution  close  to  the  second 
and  third  upper  and  lower  Ramsey  responses.  Therefore, 
there  should  be  a  clear  fine  structure,  and  indeed,  this  struc¬ 
ture  is  easily  seen  in  Figure  3. 

The  same  tube  with  the  same  ('-field  was  measured 
for  a  very  narrow  ( 10  psec)  pulse.  This  should  also  result  in  a 
dear  fine  structure  Figure  9(a)  shows  the  results  of  thi  1 
measurement  It  is  a  little  surprising  that  the  minima  of  the 
distribution  are  so  close  to  zero.  This  might  be  became  the 
polarity  of  the  components  in  the  first  side  lobe  in  the  sin. v/.v 
distribution  is  reversed  from  that  in  the  main  lobe.  Choosing 
the  pulse  width  such  that  the  first  null  in  the  sin  v/.v  distribu¬ 
tion  is  at  the  first  upper  and  lower  Ramsey  tesponses  should 
result  in  a  minimum  structure,  and  in  fact  F-igure  9(b)  shows 
this  result.  Similarly,  placing  the  second  null  at  the  upper 
and  lower  Ramsey  responses  should  also  minimize  this  struc¬ 
ture.  Figure  9(c)  confirms  this. 
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Figure  9.  Measured  Cs  Velocity  Distributions  for  Three  Pulse  Widths  and  Peak  Microwave  Powers,  as  Indicated,  (a)  10  psec 
and  3300  gW,  (b)  26  nsec  and  3300  gW,  and  (c)  52  nsec  and  2000  nW. 

Table  1:  Fine-Structure  Period  Av  for  Three  Cs  Beam  Tubes 


Tube 

r,  pisec 

fz,  kHz 

Measured,  m/sec 

Calculated.  m/sec 

A 

37 

38.86 

4.42 

4.29 

A 

10 

38.86 

4.59 

4.48 

B 

10 

33.43 

2./9 

2.81 

C 

20 

30.55 

3.67 

3.79 

[able  1  presents  a  comparison  of  the  measured  and 
calculated  [from  Ft],  (8)|  fine-structure  periods  for  u.e  cases 
shown  m  Figures  3  and  9(a),  as  well  as  for  measurements 
made  on  two  other  tubes  from  two  other  manufacturers. 
Each  of  the  tubes  is  between  12  and  13  cm  long.  Note  that 
the  two  calculated  Av  for  the  two  different  r’s  for  tube  A 
were  for  two  slightly  different  velocity  ranges,  and  hence  are 
slightly  different.  In  general,  the  agreement  between  the 
calculated  and  measured  As  is  excellent. 

Conclusions 

A  fine-structure  feature  on  the  velocity  distribution 
of  Cs  beam  tubes,  as  measured  by  the  pulsed  microwave 
power  technique,  has  been  identified  and  quantified.  This 
feature  was  shown  to  result  from  the  existence  of  large 
spectral  components  at  the  frequencies  of  the  upper  and 
lower  Ramsey  responses.  It  has  been  shown  that  this  feature 
can  be  minimized  by  choosing  the  pulse  width  such  that  the 
nulls  in  the  microwave  power  spectrum  are  at  these  upper 
and  lower  Ramsey  responses.  Specifically,  this  means  that 
the  pulse  width  should  be  chosen  to  be  an  integer  multiple  of 
the  reciprocal  of  the  Zeeman  frequency.  A  simple  theory 
was  developed  to  enable  one  to  predict  the  fine-structure 
period  as  a  function  of  the  beam  velocity,  the  tube  length, 
and  the  Zeeman  frequency.  This  theory  employed  the  con¬ 
cept  of  the  Ramsey  response  pattern  as  an  electrical  filter. 
This  concept  may  be  useful  in  other  tube  studies,  e.g.  those 
of  modulation  effects.  Also,  measurements  were  presented 


that  demonstrated  close  agreement  between  the  measured 
fine-structure  period  and  the  calculated  one.  Finally,  it  was 
shown  that  the  fine  structure  virtually  disappears  if  the  pul  c 
period  is  chosen  to  be  an  integer  multiple  of  the  reciproca'  of 
the  Zeeman  frequency. 
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ABSTRACT 

The  Total  Quality  Control  (TQC)  operating 
philosophy  as  practiced  at  Hewlett  Packard  1)  focuses 
on  customer  need  and  expectation,  2)  makes  a  total 
commitment  to  quality,  3)  emphasizes  universal  par¬ 
ticipation  and  teamwork  and  4)  results  in  continuous 
process  improvement  methodology.  The  resultant 
Total  Process  Control  (TPC)  provides  the  key  to 
achieving  improved  quality  and  higher  productivity. 

This  philosophy  is  practiced  throughout  HP  and  in 
particular  in  the  manufacturing  of  atomic  frequency 
standards.  TPC  training  and  its  implementation  in¬ 
volves  all  personnel:  production  operators,  managers, 
supervisors,  production  engineers,  manufacturing 
and  component  engineers,  buyers,  schedulers  and 
quality  engineers. 

In  this  paper,  the  specific  application  of  several 
analytical  TQC  tools  will  be  discussed.  One  example 
deals  with  the  restructuring  of  the  method  of  handling 
the  cesium  beam  tube  (CBT)  work  orders.  The  result 
was  a  reduction  of  manufacturing  cycle  time  as  well 
as  a  reduction  of  the  total  work-in-process  inventory. 
We  observed  a  corresponding  improvement  of  the  CBT 
performance.  This  paper  also  discusses  TPC  influence 
on  existing  and  potential  suppliers  of  CBT  parts.  Clear 
statements  of  expectations  and  measures  of  success 
have  led  to  benefits  for  all  parties  concerned. 

IMPLEMENTATION  OF  TQC 

Implementation  begins  by  establishing  a  sound 
foundation  through  extensive  training  in  TQC  fun¬ 
damentals.  At  HP  the  class  instruction  extends  over 
twelve  weeks  and  includes  application  of  each  step 
which  is  shown  in  the  Process  Improvement  Method, 
Figure  1.  In  order  to  accomplish  this,  class  members 
choose  projects  to  which  they  will  apply  the  steps  of 
CH28I8- 3/90/0000-98  $1.00©  1990  IEEE 


the  process.  This  Iearn-as-you-go  technique  has 
proven  very  effective.  Training  involvement  is  univer¬ 
sal.  All  employees  in  the  factory  undergo  the  training. 
Training  is  not  limited  to  production  personnel;  sup¬ 
port  people  also  become  accomplished  which  conse¬ 
quently  leads  to  widespread  understanding  of  the 
TQC  vocabulary  and  analytical  tools. 


Universal  participation  leads  to  several  ad¬ 
vantages: 

1)  a  common  vocabulary  is  developed  for  describ¬ 
ing  processes  and  performance. 

2)  technical  capabilities  are  expanded 
throughout  the  work  force.  This  provides 
leverage  in  interpreting  data  and  in  identify¬ 
ing  changes  in  processes  and  performance. 

3)  there  is  quicker  response  to  deviations  in 
process  or  performance. 

4)  the  work  force  plays  a  greater  role  in  monitor¬ 
ing  and  recording  performance  data.  Produc¬ 
tion  line  operator  motivation  improves  as  the 
results  of  their  work  become  visible. 

5)  a  variety  of  analytical  tools  (eg:  control  charts, 
Pareto  diagrams)  are  made  available.  Their 
usefulness  is  better  appreciated  and  under¬ 
stood. 

6)  timely,  factual  information  is  available  for 
support  in  making  decisions. 
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FIGURE  1.  Flow  diagram  which  defines  the  steps  in  the  TQC  Process  Improvement  Method. 


Details  of  the  steps  in  the  Process  Improvement  when  the  first  of  the  five  CBTs  is  complete.  One 

Method  have  been  discussed  in  a  previous  paper^I  advantage  to  such  a  reduction  is  that  the  in-process 

inventory  is  correspondingly  reduced.  Longer  cycle 
APPLICATION  OF  TPC  TO  time  implies  that  more  material  is  lingering  in  the 

PRODUCTION  OF  CESIUM  BEAM  TUBES  plant  for  longer  periods.  The  cost  of  such  inventory 

—  _  becomes  a  source  of  increasing  concern. 

Over  the  years,  HP  has  promoted  efforts  to  improve 

manufacturing  efficiency.  One  way  to  do  this  is  to  1°  order  to  further  address  the  issue  of  cycle  time 
reduce  manufacturing  cycle  time.  Cycle  time  is  reduction,  a  task  force  was  formed.  The  task  force 

defined  as  the  time  interval  which  begins  when  work  consisted  of  production  supervisors  and  their 

commences  on  a  group  of  products.  In  our  case,  the  manager,  production  engineers,  a  production 

group  consists  of  five  CBTs.  The  cycle  interval  ends  scheduler,  an  accountant  and  a  consultant  engineer 
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from  a  different  production  line.  This  group  worked  The  Demand  Pull  philosophy  uses  these  rules: 
with  the  production  line  operators  to  employ  TQC 

tools  to  help  define  the  existing  state  of  affairs.  The  1)  The  signal  to  build  comes  from  the  next 
tools  included  process  flow  diagrams,  cause  and  effect  process  and  originates  at  the  output  end  of  the 

charts,  time-series  charts  and  Pareto  charts.  line. 


The  task  force  had  been  previously  exposed  to  the 
Demand  Pull  production  philosophy  which  has  been 
practiced  at  other  HP  divisions.  The  existing 
philosophy  employed  in  CBT  production  is  called  the 
Push  philosophy.  Figure  2  compares  the  differences 
in  inventory  and  product  flow  for  some  imaginary 
manufacturing  line  which  has  four  process  stages. 


FIGURE  2.  Flow  diagram,  inventory  and  product  flow 
for  an  imaginary  production  line  operated  in  two  man¬ 
ners:  Demand  Pull  and  Push  systems.  Each  square 
represents  a  production  unit. 

The  Push  philosophy  operates  according  to  the 
following  rules: 

1)  Run  each  process  at  100%  speed. 

2)  Push  the  product  forward,  whether  the  next 
process  needs  it  or  not. 

3)  Keep  people  busy  at  all  times  by  building 
inventory.  (Part  of  the  psychology  is  that 
workers  feel  guilty  if  they  are  idle.  Super¬ 
visors  probably  feel  worse!) 


2)  An  upper  limit  is  set  on  the  amount  of  inven¬ 
tory  which  is  permitted  to  exist  at  any  given 
point  in  the  line. 

Let’s  examine  how  the  Demand  Pull  system 
works.  When  an  opening  occurs  for  two  units  in 
Finished  Goods  Inventory,  a  signal  is  sent  for  two 
units  to  move  up  from  the  inventory  at  Process  D. 
(Finished  Goods  Inventory  pulls  in  two  units.) 
Process  D  pulls  material  from  the  inventory  at 
Process  C  and  replenishes  the  inventory  at  D.  This 
Pull  process  trickles  back  through  the  line.  The  actual 
throughput  of  the  line  is  determined  by  the  process 
stage  with  the  least  capacity.  If  throughput  is  to  be 
increased,  the  capacity  of  the  “bottle  neck”  process 
must  be  increased. 

Two  advantages  to  the  Demand  Pull  system  are 
obvious: 

1)  The  inventory  is  well  controlled  and  the  cost 
of  the  inventory  should  be  lowest  in  the 

Demand  Pull  system. 

2)  If  a  defective  part  is  found,  the  Demand  Pull 
system  has  fewer  parts  to  inspect,  reject  or 
repair.  Costs  due  to  this  type  of  problem  are 
minimized. 

After  having  reviewed  the  status  of  the  CBT 
production  system,  the  task  force  decided  to  imple¬ 
ment  the  Demand  Pull  system.  In  order  to  establish 
a  better  common  understanding  of  the  concepts  of 
Demand  Pull,  all  members  of  the  task  force  were 
required  to  read  The  Goaf 21 . 

The  strategy  would  be  to  bring  in  Demand  Pull  in 
phases.  The  goal  was  to  reduce  cycle  time  by  35%  and 
accomplish  this  within  1  year  of  beginning  the  project. 
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FIGURE  3.  Simplified  flow  diagram  which  defines  the 
CBT  Production  process. 


Figure  3  is  useful  in  describing  how  the  project 
proceeded.  First,  an  upper  limit  was  established  for 
the  stock  level  in  Finished  Goods  Inventory.  The 
Demand  Pull  process  was  applied  to  the  Vacuum 
Bake  and  Age  &  Test  processes.  It  was  here  that  we 
were  able  to  work  on  methods  for  signaling  backwards 
in  the  line  when  materials  were  to  be  moved  forward. 
After  the  system  was  operating  smoothly  at  these  two 
stations,  we  expanded  Demand  Pull  to  include  Weld 
and  Align, Wire.  This  expansion  went  quite  smoothly. 


RESULTS  OF  THE 
DEMAND  PULL  METHOD 

We  used  cycle  time,  amount  of  work  in  process 
(WIP)  and  aging  time  as  measures  of  the  success  of 
the  project.  Each  of  these  improved  markedly  as  the 
following  graphs  show. 

Cycle  Time 


FIGURE  4.  Cycle  time  for  cesium  beam  tube  manufac¬ 
turing.  The  results  of  attempts  to  reduce  cycle  time  are 
shown  before  and  after  the  Demand  Pull  process  was 
instituted. 


When  we  considered  applying  the  Demand  Pull 
method  to  the  Build  Assemblies  stage,  the  situation 
was  complicated  by  the  nature  of  that  stage:  Build 
Assemblies  takes  in  parts  and  subassemblies  from 
several  process  areas.  Build  Assemblies  is  not  the 
result  of  a  simple  linear  flow  of  parts;  it  is  better 
described  as  a  “merging'1  of  parts.  It  was  at  this  point 
that  we  decided  to  diverge  from  a  pure  Demand  Pull 
process.  We  instituted  a  Push-Pull  process.  We  had 
expected  at  the  beginning  of  the  project  that  we  would 
have  to  develop  a  “custom  fitted”  system  to  match  our 
manufacturing  process.  Each  production  line  is  uni¬ 
que  and  should  require  some  form  of  specialization. 
Currently,  the  hybrid  Push-Pull  method  extends 
from  Build  Assemblies  back  through  Cleaning.  The 
impact  of  the  changes  have  been  significant. 


Figure  4.  is  a  time-series  chart  which  demonstrates 
that  early  attempts  to  reduce  cycle  time  had  a  positive 
effect.  Even  though  the  trend  is  downward,  there  was 
an  erratic  nature  to  the  cycle  time.  When  Demand 
Pull  was  instituted,  we  observed  a  significant  drop 
and  even  more  important,  the  consistency  from  group 
to  group  was  much  better.  This  improved  consistency 
is  one  of  the  benefits  of  Total  Process  Control.  The 
cycle  time  is  reduced  approximately  40%  due  to  the 
Demand  Pull  method  and  nearly  60%  as  a  result  of 
overall  efforts. 
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Work  In  Process  (WIP) 


Aging  Time 


FIGURE  5.  Work  In  Process  for  cesium  beam  tube 
manufacturing.  Inventory  levels  at  three  process  stages 
and  Finished  Goods  Inventory.  WIP  declines  as  cycle 
time  shortens  and  drops  dramatically  when  Demand 
Pull  is  instituted. 


It  is  clear  from  Figure  5  that  the  greatest  level  of 
WIP  occurred  in  the  Age  and  Test  stage.  Efforts  to 
reduce  cycle  time  had  most  impact  on  the  Age  and  Test 
stage  although  all  stages  were  affected.  The  WIP  was 
reduced  about  70%  due  to  overall  cycle  time  reduction. 
WIP  was  reduced  about  50%  relative  to  the  level 
indicated  when  Demand  Pull  began. 

Figure  5  is  particularly  meaningful  in  terms  of  the 
financial  impact  on  the  department.  Simply  stated, 
70%  fewer  dollars  were  required  to  be  invested  in 
inventory.  Previously,  a  larger  investment  was  re¬ 
quired  for  the  department  to  operate. 

It  also  was  made  clear  to  production  line  manage¬ 
ment  that  the  Age  .nd  Test  stage  was  no  longer  the 
bottleneck  that  it  had  once  been.  The  volume 
processed  through  this  stage  was  fairly  constant  over 
the  time  period  displayed  in  Figure  5.  Figure  6  helps 
us  to  understand  how  the  bottleneck  disappeared. 


FIGURE  6.  CBT  aging  time.  The  time  required  for  CBT 
output  to  stabilize  declined  as  the  cycle  time  was 
reduced.  Each  dot  indicates  the  average  aging  time  for 
each  group  of  5  CBTs.  The  error  bars  indicate  the 
longest  and  shortest  aging  times  for  the  group. 


This  time-series  chart  shows  the  improvement  in 
aging  cycle  as  the  cycle  time  was  reduced.  If  we  con¬ 
sider  the  average  aging  times,  overall  time  is  reduced 
more  than  70%.  If  we  consider  the  behavior  after  the 
beginning  of  Demand  Pull,  the  improvement  is  about 
65%.  Of  most  significance  is  the  tightening  up  of  the 
aging  ranges  once  Demand  Pull  was  instituted. 
Early  on,  the  longest  aging  time  in  a  group  was  5  or  6 
times  the  shortest  aging  time.  Statistical  variations  of 
this  ratio  are  evident.  After  the  Demand  Pull  began, 
the  variation  was  reduced  to  a  factor  of  2  or  three,  with 
less  frequent  occurrence  of  wide  spreads. 

The  significance  of  the  tighter  spread  in  aging  times 
is  that  we  can  now  more  easily  predict  the  throughput 
in  the  Aging  and  Test  stage.  That  stage  is  no  longer  a 
bottleneck. 
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We  postulate  that  the  improvement  in  aging  is 
related  to  the  fact  that  the  parts  now  spend  a  much 
shorter  time  in  process  following  cleaning.  Conse¬ 
quently,  less  adsorbed  gas  is  introduced  to  the  CBT. 
Therefore,  the  vacuum  bake  process  is  not  so  hard 
pressed  to  eliminate  gases. 

Having  achieved  a  shorter  aging  time  (a  benefit  not 
foreseen)  we  decided  to  use  aging  time  as  a  measure 
of  process  consistency.  This  is  best  monitored  in  the 
form  of  an  X-Bar,  R  control  chart  which  is  shown  in 
Figure  7. 

The  time-series  chart  (Figure  6)  is  excellent  for 
determining  the  extent  to  which  an  improvement  is 
made.  Once  the  improvement  goals  have  been 


achieved,  it  is  necessary  to  establish  a  measure  of  the 
statistical  variation  of  the  new  process.  The  control 
chart,  as  in  Figure  7,  does  this  and  aids  us  in  main¬ 
taining  control  of  the  new  process. 

SUMMARY,  PRODUCTION 
LINE  ACCOMPLISHMENTS 

The  goals  were  achieved.  Cycle  time  was  reduced 
40%  compared  to  a  goal  of  35%.  This  was  accomplished 
in  9  months  compared  to  a  goal  of  12  months.  Other 
benefits  include  a  reduction  of  WIP  by  50%,  reduction 
of  aging  time  by  65%  and  a  tremendous  boost  in 
motivation  and  sense  of  accomplishment  with  produc¬ 
tion  line  operators  because  of  these  results  and  the 
recognition  they  received. 


CONTROL  CHART  FOR  CBT  AGING 

5  CBTs  PER  GROUP 


BATCH  RANGE.  CBT  AGING  TIME  (ARBITRARY  UNITS) 


FIGURE  7.  CBT  aging  control  chart.  The  top  chart  is  an  X-Bar  chart  where  each  point  is  the  average  aging  time 
for  each  group  of  5  CBTs.  The  lower  chart  is  a  range  chart  (R  chart)  which  shows  the  range  of  aging  for  each 
group  of  5  CBTs. 
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APPLICATION  OF  TPC 
TO  AN  EXTERNAL  SITUATION 

By  including  this  application  with  this  discussion 
it  is  possible  to  give  an  example  by  what  we  mean  by 
Total  Process  Control.  Here  we  emphasize  that  con¬ 
trols  are  applied  to  the  total  process,  including  what 
takes  place  with  our  suppliers. 

At  issue  was  the  performance  of  a  supplier  which 
we  shall  identify  as  Supplier  A.  Our  quality  records 
indicated  that  this  supplier  did  not  meet  the  basic 
incoming  quality  standards  namely,  the  rejection  rate 
was  greater  than  1.0%. 

The  First  action  on  the  part  of  HP  was  to  establish 
a  commodity  team  to  deal  with  Supplier  A.  The  team 
consisted  of  a  manufacturing  engineer,  a  quality  en¬ 
gineer,  a  cesium  beam  tube  engineer  and  the  buyer 
who  deals  with  Supplier  A. 

The  first  action  of  the  commodity  team  was  to 
specifically  identify  the  concerns.  This  set  of  concerns 
was  then  transmitted  to  Supplier  A. 

After  Supplier  A  had  time  to  digest  this  informa¬ 
tion,  the  commodity  team  scheduled  a  meeting  which 
was  to  take  place  at  Supplier  A’s  plant.  A  question¬ 
naire  was  sent  to  Supplier  A  several  weeks  beforehand 
so  that  they  would  have  an  idea  of  the  nature  of  the 
questions  and  concerns.  The  objective  of  the  visit  was 
four-fold:  1)  to  establish  rapport,  trust  and  common 
understanding  of  the  concerns,  2)  to  discuss  the  issues 
and  identify  the  problems,  3)  to  assist  Supplier  A  in 
setting  up  TQC  methods  and  tools  as  needed  and  4)  to 
initiate  corrective  action. 

We  used  TQC  tools  to  help  define  and  prioritize  the 
defects.  Specifically,  Pareto  charts  were  helpful  in  this 
respect.  In  presenting  the  data  to  Supplier  A,  Figures 
8  and  9  were  used.  Of  all  the  HP  parts  that  Supplier 
A  makes,  Figure  8  shows  which  pieces  had  the  most 
defects.  The  next  stage  in  the  analysis  involved  creat¬ 
ing  a  Pareto  chart  for  each  specific  part.  In  Figure  9, 
the  characteristic  failure  modes  for  one  part  number 
are  presented. 


SUPPLIER  A 

DEFECTIVE  PARTS  (JAN.1987  -  SEP. 1987) 

NUMBER  OF  DEFECTS 


OSOtX-XXXXl  C608X-XXXX2  0608X-XXXX3  OS08X- XXJC-4  OSOfix-XXXXS  0608  *  -  x  XXX6 

PART  NUMBERS 


FIGURE  8.  Pareto  chart  for  defects  found  at  incoming 
inspection.  Each  column  refers  to  one  particular  part 
type. 


SUPPLIER  A 

DEFECTS:  PART  0O5O8X-XXXX1  (2/85-9/87) 


NUMBER  OF  DEFECTS 


FIGURE  9.  Pareto  chart  for  defects  found  in  a  single 
HP  part  type.  Each  column  refers  to  a  specific  dimen¬ 
sion  or  other  attribute  which  was  an  inspection 
criterion. 


In  this  example,  it  is  clear  that  a  majority  of  defects 
are  dimensional.  The  few  remaining  defects  are  cos¬ 
metic.  Prior  to  making  the  visit,  the  commodity  team 
suspected  Supplier  A’s  manufacturing  methods  or 
lack  of  process  control  as  potential  sources  of  trouble. 
As  a  result  of  the  cooperative  visit,  the  source  of  the 
problem  was  determined  to  be  differences  in  inspec¬ 
tion  methods  at  the  two  facilities. 
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Corrective  action  was  initiated  before  the  visit  was 
concluded.  Both  parties  agreed  to  specific  actions  and 
a  decision  was  made  as  to  who  would  take  respon¬ 
sibility  for  the  various  tasks.  The  summary  of  the 
corrective  action  items  was  as  follows:  1)  a  common 
inspection  tooling  and  methodology  was  established. 
2)  HP  and  Supplier  A  were  to  use  identical  written 
procedures  to  perform  inspections.  An  important  fea¬ 
ture  of  the  agreement  was  to  emphasize  the  use  of 
readily  available,  generic  inspection  tools.  This 
avoided  any  complications  which  might  arise  from  the 
use  of  specialized  tools  which  would  require  an  un¬ 
usual  level  of  expertise  in  order  to  be  used  correctly. 

In  addition,  the  commodity  team  confirmed  the 
expectation  that  the  incoming  inspection  defect  rate 
must  be  less  than  1.0%.  A  plan  was  agreed  upon 
wherein  Supplier  A  would  strive  to  meet  modified 
defect  rate  requirements  during  the  ensuing  12 
months.  HP  would  deliver  a  bimonthly  progress 
report  to  Supplier  A. 

Figure  10  shows  the  performance  goal  and  the 
actual  performance  of  Supplier  A.  After  4  months,  the 
performance  of  Supplier  A  was  excellent.  Figure  1 1 
shows  the  24  month  performance  of  Supplier  A.  These 
two  graphs  represent  the  type  of  progress  report 
which  was  provided  to  Supplier  A. 


FIGURE  10.  Performance  goal  and  actual  perfor¬ 
mance  of  Supplier  A. 


SUPPLIER  A 

QUALITY  PERFORMANCE 


(24  MONTH  MOVING  DEFECT  UNE  CHART) 
PERCENT  DEFECTIVE 


DECEMBER  1966  -  NOVEMBER  1988 


FIGURE  11.  Long  term  quality  performance  of  Sup¬ 
plier  A. 


SUMMARY,  EXTERNAL  SITUATION 

By  working  with  Supplier  A,  the  commodity  team 
was  able  to  focus  the  efforts  of  the  two  companies.  This 
constructive  effort  resulted  in  developing  an  under¬ 
standing  so  that  the  supplier  is  now  able  to  meet  our 
quality  requirements  on  a  sustained  basis.  The  two 
parties  took  a  potentially  antagonistic  environment 
and  developed  it  into  one  of  cooperation,  trust  and 
success. 

CONCLUSION 

Application  of  TQC  principles  and  tools,  both  inside 
the  factory  and  out,  has  led  to  improved  quality,  lower 
manufacturing  cost  and  an  improved  motivation  level 
for  all  involved.  The  Total  Process  Control  which  has 
resulted  from  the  application  of  these  tools  is  evidence 
of  the  value  of  such  methods. 
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Abstract 

A  new  inexpensive  frequency  calibration  service 
from  NIST  is  now  available.  This  service  takes  advantage 
of  the  operation  of  the  NIST  Automated  Computer  Time 
System  (ACTS),  which  was  begun  in  1988.  Software  to 
access  the  service  from  several  types  of  computers  was 
released  at  the  same  time.  Time  and  frequency 
dissemination  by  this  modest-accuracy  service  depends  on 
the  reciprocity  of  the  telephone  system.  The  round-trip 
delay  is  measured  by  the  NIST  equipment.  The  advance  of 
an  on-time  marker  is  adjusted  so  as  to  arrive  at  the  user’s 
site  on  time.  A  frequency  calibration  method  taking 
advantage  of  this  service  has  been  designed  and  preliminary 
tests  conducted.  A  computer  is  not  required  to  access  this 
service.  All  that  is  required  is  a  telephone  modem,  a 
simple  peripheral  circuit  to  generate  an  on  time  marker  and 
standard  time  and  frequency  measurement  and  data 
processing  equipment. 

Introduction.  Review  and  Relevant  Statistical  Measures 


The  intent  of  this  paper  is  to  demonstrate  an 
extremely  cost-effective,  modest-accuracy  method  of 
remotely  obtaining  time  and  frequency  via  a  telephone 
modem.  The  time  and  frequency  so  obtained  are  traceable 
to  the  National  Institute  of  Standards  and  Technology’s 
(NIST)  time  scale,  UTC(NIST).  We  will  demonstrate  the 
accuracy  and  stability  of  both  time  and  frequency  available 
with  this  technique.  (1) 

The  Automated  Computer  Time  Service  (ACTS) 
system  has  been  described  previously  [1-3J.  The  accuracy 
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and  stability  of  ACTS  is  based  on  the  assumption  that  the 
telephone  path  for  the  sending  and  receiving  signal  is 
reciprocal.  Under  this  assumption,  the  round-trip  time  is 
measured  by  an  automatic  system  at  NIST,  and  a  time 
marker  in  the  time-code  is  then  advanced  in  order  to  arrive 
at  the  user's  site  on  time  The  basic  equipment  needed  is 
a  telephone  line  that  can  call  (303)  494-4774,  a  modem  and 
a  simple  circuit  outlined  in  reference  3  to  generate  an  on- 
time  one  pulse-pcr-second  (1  pps)  or  one  pulsc-per-two- 
seconds.  It  was  evident  from  the  preliminary  measurements 
that  the  modems  contributed  substantially  to  the 
uncertainties  of  the  measurements. 

A  block  diagram  of  this  method  is  as  follows: 


Propter  processing  is  essential  for  the  best 
calibration  accuracy.  The  accuracy  is  a  function  of  the 
calling  rate,  the  modem  used,  and  the  quality  of  the 
oscillator  employed.  The  time  accuracy  limit  for  NIST 
ACTS  is  about  a  millisecond.  A  good  choice  of  modems 
gives  a  time  stability  of  NIST  ACTS  of  better  than  0.1  ms. 

In  order  to  test  the  reciprocity  of  the  telephone 
transmission  system,  we  used  the  same  brand  of  modems  at 
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each  end.  We  tested  at  both  300  bits/s  and  1200  bits/s  on 
a  local  telephone  switching  network.  Finding  the  300  bits/s 
to  be  better,  we  then  used  it  over  a  long  distance  (from 
WWVH,  Kauai,  Hawaii  to  NIST,  Boulder,  Colorado)  where 
both  land-links  and  a  satellite-link  were  involved. 

We  use  a  basic  statistical  theorem  to  evaluate  the 
time  and  frequency  stability  and  accuracy.  If  a  time  series 
has  a  white  spectrum  (the  sequential  values  of  the  time 
series  are  random  and  uncorrelated),  then  the  optimum 
estimate  of  the  mean  is  the  simple  mean. 

The  confidence  on  the  estimate  of  the  mean  is  the 
standard  deviation  of  the  mean,  which  is  the  standard 
deviation  divided  by  the  square  root  of  the  number  of 
values  in  the  series.  If  the  series  does  not  have  a  white 
spectrum,  then  the  standard  deviation  of  the  mean  will  not 
be  an  unbiased  estimate.  In  some  cases,  such  as  a  1/f 
spectral  density  for  the  random  deviations,  the  standard 
deviation  and  the  standard  deviation  of  the  mean  are  not 
convergent,  and  hence  are  not  useful  measures. 

We  define  the  following  measure,  which  is  equal 
to  the  standard  deviation  for  x  equal  to  the  data  spacing 
and  to  the  standard  deviation  of  the  mean  for  t  equal  to 
the  data  length  [4,5] 

ox(t)  *  T*modoy(T)/^3  (1) 


5)  and  the  amplitude  of  ox(x)  at  a  particular 
value  of  x  provides  an  estimate  of  the  spectral 
density  coefficient  for  any  one  of  the  common 
kinds  of  power-law  spectra. 

We  have  the  following  relationships 

Sx(f)  -  f, 

o*(t)  ~  (2) 

P  - 

-2  <  ri  <  4, 

where  Sx(f)  is  the  spectral  density  of  the  time  residuals,  x, 
and  B  denotes  the  kind  of  power-law  spectrum  Given  a 
log  ox(x)  versus  log  x  plot,  the  slope  of  the  values  will 
nominally  follow  a  slope  equal  to  r)/2  for  power-law 
spectra  in  the  range  indicated.  The  spectral  levels  also  can 
be  calculated  using  information  supplied  in  NIST  Technical 
Note  1337  (4). 

If  a  set  of  time  or  phase  residuals  has  a  white 
noise  spectrum  (B  =  0,  q=-l),  a  linear  regression  to  the 
residuals  gives  the  optimum  estimate  for  the  mean  time 
(the  mid-point  to  the  fit)  and  to  the  frequency  (the  slope 
of  the  fit).  If  the  linear  regression  equation  for  the  nth 
value  is  given  by 

*(«)  “  ao  +  ap,  (3) 


The  modOy(x)  denotes  the  square  root  of  the  "modified 
Allan  variance."  [4,5)  This  quantity  in  equation  1  has  the 
following  properties: 

1)  it  is  equal  to  the  classical  standard  deviation 
of  the  time  residuals  for  x  =  Xq,  the  data 
spacing  interval,  if  the  process  has  a  white 
spectrum; 

2)  it  equals  the  standard  deviation  of  the  mean 
of  the  time  residuals  for  x  =  NXq,  the  data 
length  (N  is  the  number  of  data  points),  if  the 
process  has  a  white  spectrum; 

3)  it  is  convergent  and  well  behaved  for  most  of 
the  random  processes  encountered  in  time  and 
frequency  metrology, 


for  a  set  of  N  measurements  with  standard  deviation  o, 
standard  deviation  of  the  mean  am  and  a  data  spacing  xq, 
then  the  mean  value  is 


x  -  a0  + 


axN 

~2~' 


(4) 


The  confidence  of  its  estimate  is  am> 

O 


The  confidence,  Sj,  on  the  frequency  estimate,  aj,  is  given 
by  : 


4)  the  x  dependance  indicates  the  power-law 
spectral  density  model  appropriate  for  the  data; 


___  .2 

st  -  o  N  W  (6) 

-  2  moday(Nz0  ). 


108 


If  (he  residual',  do  not  have  a  white  spectrum,  then 
ax(NT(j)  anc*  2modOy(Nts)  will  take  on  different  values 
than  the  first  equation  listed  in  (5)  and  (6),  respectively. 
These  different  values  will  be  in  a  direction  to  accomodate 
the  improvement  or  the  degradation  in  the  confidence 
intervals  appropriate  to  the  particular  power-law  spectra 
noise  process. 

Time  and  Frequency  Stability  and  Accuracy  of  ACTS 


is  due  partially  to  the  digitization  and  asynchronous  noise 
in  the  modems. 

One  application  of  time  stability  is  the 
maintenance  of  synchronization.  In  principle  it  seems  that 
one  could  maintain  synchronization  to  less  than  1  ps  once 
a  path  (particular  connection)  was  calibrated  If  connection 
is  lost  and  a  good  enough  dock  exists  to  fly-wheel  time  to 
1  ps  over  the  next  10  s  while  recalibrating,  then  the  1  ps 
synchronization  accuracy  could  be  maintained.  This  method 
may  be  convenient  in  a  local  calling  area. 


Measurements  Using  a  Local  Switching  Network 

For  the  modems  we  used,  the  1200  bits/s  rate  had 
an  instability  which  was  about  two  to  three  times  that 
obtained  using  300  bits/s  modems.  Figure  1  is  a  plot  of 
the  frequency  stability  using  a  pair  of  300  bits/s  modems  of 
the  same  model.  As  stated  in  the  previous  section,  the 
frequency  accuracy  obtainable  is  given  by  2modOy(x).  We 
repeated  the  experiment  for  sets  of  7  000  points  while  still 
connected  to  the  same  line  to  see  how  far  wc  could  push 
the  long  term  stability.  Each  sequential  set  gave  a 
frequency  stability  plot  nearly  identical  to  that  shown  in 
Figure  1. 


Notice  that  the  data  exhibit  a  slightly  steeper  slope 
than  if3/2.  The  x"3/2  model  corresponds  to  white  phase 
or  time  modulation  (PM).  That  the  slope  is  steeper 
indicates  the  presence  of  more  high  frequency  noise  than 
white  noise  should  have  This  is  probably  due  to  a 
combination  of  processes  such  as  the  digitization  granularity 
and  the  asynchronous  nature  of  modems,  which  are  built 
for  communications  rather  than  for  timing.  This  suggests 
that  less  short  term  noise  could  be  obtained  if  a  modem 
were  designed  and  built  for  accurate  and  stable  timing.  In 
any  case,  wc  see  that  the  data  are  averaged  at  least  as 
quickly  as  white  noise,  anu  that  accepting  a  white  noise 
model  is  conservative. 


We  found  that  the  approximate  x’3/2  behavior 

continued  to  beyond  104  s.  We  measured  modcr  (x  =  7 

ii  y 

3/4  hours)  =  2.1  x  i0  .At  this  integration  time  and 
longer  the  spectrum  was  no  longer  white.  This  measure 
implies  a  frequency  calibration  accuracy  of  better  than  one 
part  in  10**'  with  an  integration  time  of  t  i  104  s. 


The  time  stability,  ox(x  =  2  s),  as  shown  in 
Figure  2,  was  about  55  ps  for  the  local  network,  which 
would  yield  crx(x  =  2  x  104  s)  =  550  ns.  This  turned  out 
to  be  statistically  significant  as  long  as  we  maintained  the 
same  connection.  We  measured  ox(t  =  14  000  s)  =  230 
ns— a  smaller  number  than  predicted  with  the  assumption  of 
white  noise  PM.  As  before  we  assume  this  smaller  number 


If  connection  is  lost  and  no  fly-wheel  method  for 
recalibrating  exists,  then  the  time  stability  degrades 
markedly  from  the  while  PM  model.  We  will  show  the 
amount  in  the  long-link  analysis  in  the  next  section. 


Measurements  via  long-link 

We  chose  the  path  between  Boulder,  Colorado 
(NIST)  and  Kauai,  Hawaii  (WWVH)  because  of  known 
reference  clocks  on  each  end  and  because  the  link  involved 
both  land  and  satellite  paths.  We  made  measurements 
more  than  once  a  day  on  some  days  as  well  as  nominally 
once  per  day  over  a  few  weeks  As  is  the  case  with  white 
noise  the  variance  appeared  to  be  interval  independent. 
The  variance  was  much  larger  from  call  to  call  than  during 
a  call. 


Figures  3  and  4  for  this  long-link  measurement 
using  ACTS  correspond  to  Figures  1  and  2  for  the  local 
switching  network.  In  Figure  3  we  measured 
modOy(x  =512s)  =  1  x  10'**  with  the  x'3/2  behavior 
(white  PM)  being  a  reasonable  model.  Some  departure 
from  this  power-law  spectra  is  observed,  and  again  wc 
assume  this  departure  to  be  driven  in  part  by  data 
quantization  and  the  asynchronous  nature  of 
communication  modems.  If  the  trend  in  Figure  3 
continued,  wc  should  achieve  a  stability  of  10’*^  at  x  = 
104  s. 


Figure  4  is  representative  of  several  such  curves 
we  plotted.  Wc  obtain  the  following  results  for  time 
stability  and  frequency  accuracy  calibrations.  The  values  of 
ox(x  =  2s)  ranged  from  65  ps  to  about  90  ps,  and  reached 
values  less  than  10  ps  in  almost  all  cases  at  x  =  100  s.  As 
with  the  local  network,  the  standard  deviation  of  the  mean 
was  only  statistically  significant  as  long  as  connection  was 
maintained. 

Figure  5  is  a  plot  of  one  set  of  the  time  difference 
measurements.  Each  diamond  symbol  represents  one 
measurement  of  the  NIST  ACTS  time  transfer,  taken  every 
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2.5  seconds.  The  symbols  are  simply  plotted  at  the  relative 
time  of  the  measurement.  The  digitization  and 
asynchronization  effects  are  obvious  in  the  apparent  curves 
that  the  eye  resolves,  though  these  curves  do  not  represent 
consecutive  measurements. 

Figure  6  is  a  plot  of  ox(t)  using  as  input  the 
mean  values  from  several  sets  of  data,  the  connection  being 
broken  after  each  measurement.  We  measured  a  white 
noise  level  of  ox(t  =  1.9d)  =  270  ps,  a  degradation  of 
about  3  or  4  from  the  2  s  measurements.  The  mean  value 
of  15  measurements  was  219  ps  with  a  standard  deviation 
of  the  mean  of  70  ps,  indicating  that  there  are  some 
systematic  errors  in  the  ACTS  system.  Thus  time  transfer 
accuracy,  or  synchronization,  at  the  1  ms  level  is  quite 
reasonable  with  ACTS,  out  systematics  appear  to  limit  the 
time  accuracy  at  the  few  hundred  ps  level. 

Figure  7  shows  a  modo  (t)  diagram  for  the 
average  values.  It  is  apparent  that,  with  about  a  week's 
worth  of  measurements  taken  a  few  seconds  per  day  to 
assure  statistical  veracity,  we  can  obtain  NIST  traceability 
of  frequency  accuracy  at  better  than  1  part  in  10  .  This 
could  be  done  automatically  using  low  rates  of  calling,  that 
is,  a  rate  such  that  the  telephone  charge  would  be  less  that 
S2  for  the  whole  time. 

The  confidence  on  the  frequency  calibration  can 
also  be  written  as  follows: 

/12 

5l  * 

s[N  T 

where  T  =  Ntq,  is  the  data  length.  Equation  (7)  holds  if 
the  spectrum  of  the  time  deviation  is  white,  which  appears 
to  be  the  case  from  Figure  7.  The  confidence  improves  as 
the  data  length  and  as  the  square  root  of  the  number  of 
measurements.  Various  options  can  therefore  be  among 
calling  cost,  desired  accuracy  and  the  amount  of  time  to 
obtain  the  calibration.  The  fastest  way  to  obtain  a 
frequency  calibration  is  to  stay  connected  to  take  advantage 
of  the  better  short-term  stability.  If  a  user  wishes  to 
maintain  connection,  please  call  (303)  497-3294  for 
arrangements  for  a  special  line;  otherwise,  an  automatic 
disconnect  occurs  after  55  s.  It  appears  that  an  accuracy  of 
better  than  1  part  in  10^  could  be  reached  in  less  than  10“* 
s  for  the  long  link.  Time  accuracy,  on  the  other  hand, 
cannot  be  improved  much  by  averaging  because  of  the 
apparent  biases  present. 


Conclusions 

A  comparison  of  the  time  accuracy,  the  time 
stability,  and  the  frequency  calibration  accuracy  is  plotted 
in  Figure  8  for  several  current  time  and  frequency 
dissemination  systems.  We  see  that  the  accuracies  and 
stabilities  for  ACTS  are  quite  competitive  with  some  of  the 
other  traditional  ways  of  obtaining  traceability  to  NIST  In 
addition,  Figure  9  indicates  the  cost  effectiveness,  which 
makes  the  ACTS  calibration  approach  extremely  attractive 
for  the  range  of  accuracies  and  stabilities  it  provides. 

Figure  10  is  a  plot  of  the  fractional  frequency 
stability  of  the  ACTS  calibration  approach  compared  with 
a  wide  variety  of  other  techniques  The  figure  shows  that 
a  calibration  accuracy  of  better  than  1  part  in  10  is  readily 
and  inexpensively  obtainable  either  from  a  single  long  call 
or  from  a  sequence  of  short  calls  averaged  over  a  few  days. 
With  300  bits/s  modems  of  the  same  model,  time 
accuracies  better  than  1  ms  arc  available  cither  by  land 
and/or  satellite  links.  Time  stabilities  pulse-tivpulse  are 
better  than  0.1  ms,  but  from  call  to  call  degrade  to  about 
0.3  ms. 

The  ACTS  telephone  number  is  (303)  494-4774. 
Example  user  software  can  be  obtained  for  £35  by  calling 
(301)  975-6776  (refer  to  RM  8101,  software  for  Automated 
Computer  Time  Service)  J2,3J.  The  broadcast  time  code 
includes  the  Modified  Julian  Date,  the  year,  month  and 
day,  the  hour,  minute  and  second,  advanced  alerts  for 
daylight  savings  time  and  for  leap  seconds,  the  time 
difference  between  UTC  and  UT1  (earth  time),  and  the 
amount  by  which  the  time  code  is  advanced  in  order  to 
arrive  at  the  user's  site  on  lime 

The  system  will  work  at  1200  or  300  bits/s.  Using 
a  variety  of  modems,  we  observed  much  larger  inaccuracies 
and  instabilities  than  reported  above  -  amounting  to  a  few 
milliseconds.  We  found  that  300  bits/s  modems  from  a 
single  supplier  were  the  best  combination 
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Figure  1.  A  plot  of  the  fractional  frequency  stability,  modOy(t),  for  UTC(NIST)  as  accessed  over  a  local  telephone 
switching  network  via  the  NIST  ACTS  system.  The  confidence  on  a  frequency  calibration  is  given  by  ',modOy(t)  The 
stability  was  analyzed  for  t  values  longer  than  those  shown,  and  the  same  nominal  white  PM  (t’^^  )  model  continued 
down  to  a  level  of  about  3  x  10”^. 
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Figure  2.  A  plot  of  the  time  stability,  ox(t),  of  UTC(NIST)  as  accessed  through  the  NIST  ACTS  system  over  a  local 
telephone  switching  network.  The  stability  improves  to  better  than  1  ps  for  long  enough  integration  times.  This  stability 
is  lost  when  connection  is  broken.  If,  for  example,  a  quartz  oscillator  could  fly-wheel  and  maintain  a  microsecond  accuracy 
while  the  system  was  being  recalibrated  via  ACTS,  then  a  system  accurate  to  less  than  1  ps  could  be  maintained  in  the  long 
term.  This  idea  might  be  useful  in  a  local  calling  network  where  there  would  be  little  expense  for  a  dedicated  line. 
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Figure  3.  A  plot  of  the  fractional  frequency  stability,  mode  (x),  for  UTCfNIST)  as  accessed  over  a  long-link  telephone 
network  using  the  NIST  ACTS  system.  The  long-link  involved  both  land-links  and  a  satellite  link  between  NIST  Boulder, 
CO  and  WWVH  Kauai,  HI.  The  confidence  for  a  frequency  calibration  is  given  by  2modcty(T).  The  data  in  this  figure 
would  indicate  that  a  frequency  calibration  accuracy  of  less  than  1  part  in  10^  is  available  from  a  continuous  long-link 
connection  with  an  averaging  time  greater  than  about  an  hour. 
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Figure  4.  A  plot  of  the  time  stability,  ox(t),  of  UTC(NIST)  as  accessed  using  the  NIST  ACTS  system  over  a  long-link 
telephone  network  using  the  NIST  ACTS  system.  The  long-link  involved  both  land-links  and  a  satellite  link  between  NIST 
Boulder,  CO  and  WWVH  Kauai,  HI.  The  stability  improves  to  less  than  1  ps  for  long  enough  integration  times.  This 
stability  is  lost  when  connection  is  broken.  A  single  measurement  has  less  instability  than  the  noise  introduced  in  repeated 
calls. 
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Figure  5.  A  plot  of  the  individual  ACTS  measurements,  each  taken  with  two  seconds  spacing  and  with  300  bits/s  modems 
of  the  same  model  at  NIST  Boulder  and  at  WWVH  Kauai.  Each  diamond  symbol  represents  one  measurement  of  the  NIST 
ACTS  time  transfer.  The  symbols  are  simply  plotted  at  the  relative  time  of  the  measurement.  The  digitization  and 
asynchronization  effects  are  obvious  in  the  apparent  curves  that  the  eye  resolves,  though  these  curves  do  not  represent 
consecutive  measurements.  The  mean  value  is  209  ps  and  °x(Ntq)  <  10  ps.  Hence,  biases  in  ACTS  limit  its  accuracy. 
The  accuracy  appears  to  be  well  under  a  millisecond. 
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Figure  6.  A  plot  of  the  time  stability  of  the  average  values,  ox(x).  Each  call  accesses  UTC(NIST)  via  ACTS  through  a 
300  bits/s  modem  at  WWVH  Kauai.  The  benefit  of  averaging  the  individual  call’s  average  value  is  illustrated  by  this  plot 
since  the  values  have  a  white  spectrum  (t"1'2).  This  plot  shows  that  a  repeated  set  of  short  calls,  reasonably  spaced,  is 
more  economical  for  a  frequency  calibration;  see  equation  (7). 
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Figure  8.  This  bar  chart  compares  the  time  accuracy,  the  time  stability  from  day  to  day  and  the  frequency  calibration 
accuracy  of  several  of  our  current  dissemination  systems. 
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Figure  9.  This  chart  illustrates  the  cost  times  the  day-to-day  time  stability  as  a  measure  of  the  cost  effectiveness  of  various 
time  and  frequency  dissemination  systems  that  are  currently  available.  The  units  are  mcga-dollar  nanoseconds.  The  further 
the  bar  goes  down  -  the  more  cost  effective  the  system. 
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Figure  10.  This  fractional  frequency  stability  plot  compares  most  of  the  currently  available  time  and  frequency  dissemination 
systems.  The  indicates  where  modOy(t)  has  been  used  in  order  to  distinguish  if  the  deviations  have  a  white  PM 
spectrum.  Otherwise,  the  conventional  a^( t)  is  used  as  the  stability  measure.  The  stability  of  the  reciprocity  of  the 
telephone  lines  clearly  makes  this  service  a  compe'itive  one  for  the  low  accuracy  user. 
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A  REDUNDANT  TIMING  SOURCE  FOR  DIGITAL  TELECOMMUNICATION 
NETWORK  SYNCHRONIZATION 
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Frequency  and  Time  Systems,  Inc.  34  Tozer  Road  Beverly,  MA  01915 


Abstract 

The  synchronization  of  digital  telecommunication 
networks  requires  solutions  different  from  those 
traditionally  used  in  the  time  and  frequency  industry. 
New  approaches  are  needed  to  solve  the  special 
problems  inherent  in  the  distribution  of  timing  between 
system  nodes  across  communications  lines. 

This  paper  describes  the  problems  which  occur  in 
synchronization  of  digital  telecommunication  networks. 
In  addition  the  architecture  of  the  FTS  3800  Timing 
Signal  Generator  is  described.  The  3800  has  been 
designed  to  respond  to  some  of  the  problems  with 
existing  synchronization  equipment.  Details  of  the 
design  and  performance  will  be  presented. 


Introduction 

The  telecommunication  network  in  the  US  has  largely 
changed  from  an  analog  system  to  a  digital  system  over 
the  past  10-20  years.  The  transition  to  a  digital  network 
has  imposed  a  requirement  that  all  equipment  in  the 
system  be  synchronized  in  frequency.  There  are  tens  of 
thousands  of  pieces  of  equipment  in  the  telephone 
system  which  must  all  run  at  the  same  frequency  (to 
within  le-11).  The  requirement  comes  from  the 
practical  necessity  of  having  Finite  sized  data  buffers. 
Disparate  data  rates  result  in  buffer  slips,  which  in  turn 
disrupt  data  transmission. 

It  would  be  prohibitively  expensive  to  provide  each 
piece  of  equipment  with  its  own  primary  frequency 
standard.  The  telecommunications  industry  instead 
relies  on  a  limited  number  of  primary  frequency 
standards  to  which  all  the  other  equipment  is 
synchronized.  A  standard  approach  and  system 
architecture  has  evolved  over  the  past  decade,  which 
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makes  it  possible  to  inexpensively  distribute  timing 
throughout  the  network. 

This  paper  will  describe  the  basic  approaches  used  in 
providing  timing  in  such  a  diverse  environment. 
Emphasis  will  be  placed  on  aspects  which  may  be  new 
to  individuals  familiar  with  precision  time  and 
frequency  generation. 

The  current  system  is  not  perfect,  and  new  applications 
and  requirements  require  that  the  timing  in  the 
network  be  held  to  tighter  and  tighter  tolerances.  This 
has  generated  a  need  for  new  equipment,  which  can 
provide  improved  performance  to  meet  the  needs  of 
the  system  as  it  evolves. 

The  remainder  of  the  paper  will  discuss  the 
architecture,  features,  and  performance  of  a  new 
instrument,  the  FTS  3800.  The  3800  is  a  clock  which 
has  been  designed  to  synchronize  to  a  master  timing 
source  and  distribute  timing  to  other  equipment.  The 
3800  was  developed  to  meet  the  current  needs  and 
support  the  requirements  demanded  by  some  of  the 
new  features  being  introduced  into  the  telephone 
system. 

Telecommunication  Synchronization 

Synchronization  Hierarchy 

There  are  two  basic  approaches  used  by  the  industry  to 
distribute  timing  in  a  network.  The  two  approaches  are 
not  exclusive,  and  some  mixture  is  usually  used. 

The  most  common  model  is  a  hierarchic  system.  A 
single  master  clock  sits  at  the  top  of  the  network,  and 
produces  the  reference  frequency.  The  master  clock  is 
called  a  Stratum  One  clock.  Timing  is  passed  down 
from  the  master  clock  to  the  other  clocks.  One  step 
down  from  the  Stratum  One  clock  are  Stratum  Two 
clocks.  These  are  slave  clocks  which  are  phase 
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(occasionally  frequency)  locked  to  the  Stratum  One 
master  dock.  The  Stratum  Two  clock  typically  contains 
a  high  quality  ovenized  quartz  oscillator,  or  rubidium 
frequency  standard.  There  are  a  limited  number  of 
nodes  which  contain  Stratum  Two  clocks,  from  which 
timing  is  distributed  to  Stratum  Three  nodes.  A 
Stratum  Three  clock  contains  a  lower  quality  OCXO  or 
a  TCXO.  Stratum  Four  clocks  are  normally  used  only 
at  the  end  of  a  synchronization  chain  and  do  not  pass 
timing  to  other  clocks.  The  basic  rule  in  this  hierarchic 
system  is  that  no  clock  can  provide  timing  to  a  clock  of 
a  higher  stratum. 

The  other  common  approach  is  plcsiochronous  timing, 
in  which  each  node  contains  its  own  master  clock  and 
no  synchronization  is  used  between  nodes. 

Today,  a  mixture  of  the  two  techniques  is  commonly 
used.  A  network  will  often  contain  several 
plesiochronous  islands  with  their  own  master  clocks. 
Within  each  island  liming  is  distributed  hierarchically. 

Inside  a  single  network  node  there  are  many  pieces  of 
equipment  which  need  to  be  synchronized.  The 
preferred  architecture  is  based  on  a  Building 
Integrated  Timing  Supply  (BITS)  clock.  The  BITS 
clock  is  synchronized  to  an  incoming  data  stream  to 
generate  the  master  timing.  It  distributes  timing  signals 
to  synchronize  all  the  other  equipment  at  the  node. 

This  approach  simplifies  the  synchronization 
engineering  and  trouble  shooting. 

A  key  element  of  the  BITS  architecture  is  a  device 
called  a  Timing  Signal  Generator  (TSG).  A  TSG  is  a 
Stratum  Two  or  Three  slave  clock.  In  addition  to  its 
synchronizing  function,  a  TSG  also  produces  multiple 
timing  outputs  to  synchronize  the  other  equipment  at 
the  node.  The  TSG  can  cither  be  the  BITS  clock,  or  is 
synchronized  to  the  BITS  clock  to  provide  timing  for 
all  the  other  equipment. 

Master  Timing  Source  (Stratum  One’l 

The  master  timing  for  a  telecomm  network  is  derived 
from  a  primary  reference  standard.  A  primary 
reference  standard  must  have  a  long  term  accuracy  of 
le-11  or  better  when  compared  to  UTC  [1].  In 
practice,  the  primary  reference  source  can  be  a  cesium 
frequency  standard,  or  a  disciplined  oscillator 
controlled  by  a  LORAN-C  or  GPS  timing  receiver. 


Stratum  Two  and  Three  Clocks 

The  Stratum  Two  and  Three  clocks  are  synchronized 
to  an  external  source  which  is  traceable  to  a  primary 
reference  standard  (Stratum  One  clock).  Since  the 
BITS  clock  will  be  either  a  Stratum  Two  or  Three 
clock  and  will  provide  timing  for  a  whole  node,  high 
performance  and  reliability  are  essential.  Redundancy 
must  be  built  in  at  all  stages  to  ensure  that  valid  timing 
signals  are  generated.  The  clock  must  accept  multiple 
synchronization  inputs  (usually  two),  contain  multiple 
oscillators,  provide  for  redundancy  at  'he  timing 
distribution  ports,  and  allow  for  maintenance  and 
repair  without  disrupting  operation. 

The  essential  differences  between  Stratum  Two  and 
Three  clocks  are  related  to  the  quality  of  the  oscillators 
in  them.  Table  1  lists  some  of  the  key  performance 
parameters  for  these  clocks.  Many  aspects  of  the  clock- 
performance  are  not  specified  (e.g.  stability,  phase 
noise,  long  term  accuracy). 

One  key  parameter  is  the  clocks’  ability  to  maintain  an 
accurate  frequency  when  the  synchronizing  reference  is 
not  available.  Without  a  reference,  the  clock  enters  a 
mode  referred  to  as  holdover,  in  which  it  tries  to 
maintain  its  oscillator  at  the  last  correct  frequency.  The 
clock  performance  in  holdover  is  a  function  of  three 
factors:  the  accuracy  with  which  the  clock  estimates  the 
frequency,  the  aging  rate  of  the  internal  oscillator,  and 
the  thermal  sensitivity  of  the  clock. 

The  capture  range  guarantees  that  the  clock  can 
synchronize  to  another  clock  of  its  own  stratum  which 
is  free  running.  There  is  no  requirement  on  phase 
noise,  stability,  wander,  loop  bandwidth,  etc.  (Some  of 
these  parameters  will  be  specified  in  updates  to  current 
specifications.  There  is  a  general  consensus  that 
existing  specifications  allow  for  clocks  which  will  not 
adequately  perform  in  the  evolving  network.) 
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Table  1.  Slave  Clock  Performance  Specifications 


Problems  with  the  Existing  Network 


Parameter _ Stratum  Two 

Holdover  1  <  le-10 

Accuracy2  1.8  e-8 

Capture  range  3.6  e-8 

Phase  steps  3  <  1  us 


Stratum  Three 

<  4e-7 
4.8  e-6 
9.6  e-6 

<  lus 


Notes: 

1  Holdover  is  the  frequency  error  after  one  day  with  a  temperature 
change  of  ±  15  °  C  at  3°  C/hr 

2  Accuracy  is  defined  as  the  nominal  frequency  of  the  clock  without 
synchronization 

3  Clocks  are  allowed  to  have  "rare"  events  in  which  the  phase 
changes  by  1  us,  due  to  internal  rearrangement  or  diagnostic 
operations 

Timing  Distribution 

Timing  is  distributed  on  the  data  streams  which  transit 
the  network.  Most  of  the  time  a  data  carrying  signal  is 
used  to  pass  the  timing;  commonly  these  data  carrying 
signals  run  at  1.544  Mbits/sec  and  are  designated  DS1 
in  the  industry  signal  hierarchy.  The  DS1  signals  are 
framed  (partitioned  into  discrete  data  segments)  to 
allow  the  receiving  equipment  to  align  itself  [2]. 

DSt  signals  can  be  transmitted  directly  between 
network  nodes.  Frequently,  multiple  DS1  signals  are 
multiplexed  into  a  higher  rate  signal,  transmitted  to  the 
next  node,  and  de-multiplexed  to  recover  the  original 
DS1. 


During  the  transmission  of  the  DS1  signal  between 
offices,  the  signal  and  timing  can  be  degraded.  In  a 
DS1  transmission  system,  repeaters  arc  needed  every 
few  miles  to  regenerate  the  signal  to  compensate  for 
transmission  loss.  The  repeaters  can  add  substantial 
amounts  of  phase  jitter.  Network  specifications  allow 
up  to  3.25  us  of  jitter  at  a  modulation  rate  of  10  Hz  on 
a  DS1  signal  (Note  that  this  is  10w  radians  of  phase 
excursion).  The  signal  can  also  be  completely  lost,  due 
to  a  cable  break,  component  failure,  or  human  error. 
Systems  which  multiplex  the  DSl's  into  a  higher  rate 
and  de-multiplex  them  at  the  receiving  end  add  their 
own  sources  of  noise.  The  multiplex,  de-multiplex 
process  will  usually  add  jitter,  due  to  bit  (or  byte) 
stuffing  needed  to  align  the  DS1  signals  in  the  higher 
rate  stream. 


The  preceding  discussion  on  telecomm  synchronization 
describes  the  way  things  are  designed  currently. 
Concepts  like  BITS,  and  detailed  examination  of  the 
clocks  used  in  the  system,  has  allowed 
telecommunications  networks  to  normally  maintain  a 
frequency  accuracy  of  better  than  le-10. 

While  synchronization  of  all  network  elements  is 
critical  to  making  digital  communications  systems 
work,  it  receives  only  the  minimum  attention  possible 
from  the  people  in  the  industry.  One  factor  is  the 
novelty  and  unfamiliarity  of  precision  timing  to 
telephone  engineers.  The  concepts  of  Allan  variance, 
phase  noise,  and  other  standard  methods  for  evaluating 
clocks  are  foreign  to  them.  This  makes  it  hard  to  sell 
the  value  of  improved  timing  to  many  telephone 
engineers.  They  know  they  need  synchronized  timing 
systems,  but  they  don't  understand  the  difference 
between  implementations.  One  symptom  of  this  is  the 
crudity  of  some  of  the  clocks  used  in  digital  switches. 
The  switch  may  cost  $10  million,  but  the  manufacturer 
will  scrimp  on  the  oscillators  to  save  $100,  thereby 
degrading  the  timing  output  of  the  switch. 

The  long  service  life  of  telephone  equipment  creates 
problems  for  timing  systems.  Much  of  the  equipment  in 
the  network  is  relatively  ancient,  and  was  designed  to 
meet  timing  standards  that  are  now  inadequate.  The 
need  to  work  with  all  existing  equipment  in  the 
network  sets  a  limit  on  the  quality  of  timing  that  can  be 
achieved  in  the  current  network.  It  will  be  hard  to 
improve  this  situation.  Since  the  specifications  must 
support  the  existing  base  of  crude  clocks,  there  is  little 
pressure  on  equipment  manufacturers  to  improve  their 
clocks. 

Maintenance  of  the  existing  timing  system  is  difficult. 
Since  much  of  the  network  is  comprised  of  equipment 
and  lines  designed  before  digital  communications  was 
common,  the  network  can  suffer  from  many  faults 
which  produce  symptoms  similar  to  synchronization 
problems.  Differentiating  between  clock  faults  and 
other  network  failures  is  difficult,  and  requires  senior 
personnel  to  visit  the  site  and  evaluate  the  situation. 

The  piggybacking  of  the  timing  distribution  upon  the 
data  streams  creates  its  own  problems.  Most  telephone 
personnel  are  primarily  concerned  that  the  data  traffic 
doesn’t  fail.  Lines  which  carry  timing  can  be  rearranged 
by  craftsmen  to  solve  traffic  problems.  This  disrupts 
the  synch  network,  and  makes  tracking  the  timing  paths 
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difficult.  In  fact,  it  is  easy  to  generate  timing  loops,  in 
which  whole  sections  of  the  network  are  isolated  from 
the  master  timing  source  and  rapidly  go  off  frequency. 
Tracking  down  these  sorts  of  problems  is  very  difficult 
and  time  consuming. 

The  Need  for  Improved  Clocks 

Current  clocks  in  the  network  range  from  quite  good  to 
abysmal.  New  clocks  must  be  able  to  work  with  any  of 
the  current  clocks,  yet  still  provide  good  timing.  This 
requires  more  intelligence  in  the  clock,  so  it  can 
monitor  the  input  timing  references  more  carefully, 
and  reject  them  when  their  timing  is  unacceptable.  It  is 
easy  to  tell  when  a  backhoe  has  cut  the  line,  as  the 
signal  goes  away.  Very  few  clocks  can  tell  when  the 
upstream  clock  has  been  left  in  holdover  by  a 
craftsman,  and  is  off  frequency  by  1  e-8.  The  ability  to 
detect  off  frequency  or  noisy  timing  inputs  will  improve 
the  quality  of  the  timing  system. 

The  goal  of  most  network  providers  is  to  allow  for 
centralized  monitoring  and  control  of  their  equipment. 
A  centralized  Operational  Support  System  (OSS) 
allows  status  information  to  be  gathered  at  a  single 
location,  simplifying  the  operations  and  maintenance  of 
the  system.  Most  current  timing  equipment  lacks  any 
support  for  centralized  monitor  facilities. 

The  telecommunications  industry  is  continually  looking 
for  ways  to  increase  the  reliability  and  lower  costs  for 
communications.  Each  advance  to  higher  data  rates 
usually  requires  advances  in  the  quality  of  the  timing. 
The  newest  system  being  discussed  is  SONET,  the 
Synchronous  Optical  Network.  SONET  is  probably  the 
first  system  that  has  placed  a  requirement  on  the 
stability  of  the  timing  source  for  its  operational 
elements  [3],  This  requirement,  while  not  severe, 
exceeds  the  performance  of  many  clocks  deployed  in 
the  network. 

One  way  to  improve  performance  and  reliability  of  the 
network  is  to  build  more  intelligence  into  each  piece  of 
network  equipment,  and  to  have  the  equipment 
communicate  status  over  the  data  streams.  The  newest 
standard  for  framing  DS1  signals  contains  a  data 
channel  embedded  in  the  framing  structure  [4J.  This 
can  be  used  as  a  network  management  tool  to  signal 
failures,  provide  performance  information,  and  possibly 
even  remotely  control  other  equipment.  A  portion  of 
the  data  channel  has  been  allocated  for  synchronization 
messaging.  While  the  exact  message  format  has  not 
been  defined,  at  some  point  in  the  near  future  a 


standard  will  be  established.  No  current  equipment  can 
handle  this  messaging  for  synchronization.  SONET  has 
also  allocated  overhead  bandwidth  for  synchronization, 
but  again  no  messages  have  been  defined  yet.  Direct 
transmission  of  synchronization  status  by  the  source 
clock  will  enhance  the  reliability  of  the  timing  network. 

FTS  3800  Timing  Signal  Generator 

Architecture 

The  FTS  3800  is  an  advanced  microprocessor 
controlled  TSG.  As  mentioned  previously,  the  basic 
function  of  a  TSG  is  to  lock  an  oscillator  to  a  digital 
data  stream  in  the  presence  of  large  and  noisy  phase 
excursions  as  well  as  occasional  losses  of  the  data 
stream.  The  TSG  uses  a  modular  design  for  flexibility 
and  maintenance.  While  the  3800  meets  all  existing 
requirements  for  Stratum  Two  and  Three  clocks,  it  has 
been  designed  to  support  the  new  applications  that  are 
being  developed. 

Figure  1  shows  a  block  diagram  of  the  3800  clock. 
Modules  in  the  3800  fall  into  five  categories:  input, 
processor,  oscillator,  frame  generator,  and  distribution. 
Table  2  lists  the  modules  currently  available  for  the 
3800. 


Table  2.  3800  Module  Types 


Input 

DS1 

CC 

Sine  (1,  5,  10  MHz) 

El  (2048  kHz  CEPT  protocol) 

Processor 

Oscillator 

Stratum  2 

Stratum  3 

Stratum  2.1 

Frame  Generator 

DS1 

Distribution 

DS1 

CC 

1544  kHz  RS-422 

56  kHz  V.35 

All  modules  except  the  distribution  modules  are 
connected  via  a  computer  bus  to  the  processor  module. 
This  allows  the  processor  to  extract  data  and  control 
the  operation  of  the  modules.  In  addition,  there  may  be 
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as  many  as  40  distribution  modules,  in  the  main  chassis 
and  two  expansion  chassis. 

The  3800  modules  have  been  designed  to  be  removed 
and  installed  while  the  system  is  operating.  This  allows 
the  unit  to  be  upgraded  or  repaired  without  having  to 
take  it  out  of  service. 

Input  Modules 

The  3800  accepts  up  to  four  input  modules.  All  input 
modules  contain  the  same  basic  functional  blocks.  An 
input  signal  enters  the  module  and  the  timing  is 
extracted  from  it.  The  input  is  monitored  for  amplitude 
and  proper  data  format.  All  signals  are  checked  for  loss 
of  signal  (LOS),  while  different  types  of  input  signals 
are  monitored  for  faults  specific  to  their  format  (e.g. 
DS1  signals  are  monitored  for  Alarm  Indication  Signal 
(AIS)  and  Out  of  Frame  (OOF)  conditions,  and 
Bipolar  Violations  (BPV)).  The  phase  of  the  input  is 
measured  against  both  of  the  oscillator  modules 
simultaneously  and  all  the  information  is  transmitted  to 
the  processor  module. 

The  input  signal  phase  is  measured  on  each  input 
module  so  all  inputs  (not  just  the  selected  reference) 
can  be  continuously  monitored.  Each  oscillator 
generates  a  1  pps  signal.  The  input  signal  clock  is  also 
divided  to  1  pps.  The  oscillator  and  input  1  pps  signals 
generate  a  phase  reading  once  a  second  with  a 
resolution  of  54  ns. 

Processor  Module  and  Operating  Software 

The  processor  module  contains  an  8088 
microprocessor.  The  processor  module  software  runs 
the  3800,  monitors  for  faults,  and  controls  two  RS-232 
ports  for  interaction  with  the  operator,  or  a  remote 
monitoring  system. 

Low  level  routines  collect  the  status  of  each  module 
over  the  processor  bus.  This  is  used  to  determine  if  any 
modules  have  failed.  The  phase  of  the  derived  input 
signal  timing  and  status  of  the  input  signals  is  also  read. 
The  phase  data  is  used  to  control  the  oscillators  and  to 
monitor  the  frequency  of  each  input  signal.  Signal 
faults  (LOS,  AIS,  etc.)  are  used  to  qualify  which  inputs 
are  acceptable  for  use  as  a  reference. 

The  phase  information  for  the  selected  reference  input 
is  used  to  control  the  oscillator  modules.  A  digital 
phase  locked  loop,  containing  both  proportional  and 
integral  terms,  is  implemented  in  the  3800  software. 


The  software  implementation  allows  for  the  use  of 
variable  and  extremely  long  time  constants.  For  the 
Stratum  Two  oscillator,  time  constants  in  the  range  of 
100  -  10,000  seconds  are  allowed.  This  allows  the 
operator  to  optimize  the  performance  of  the  unit  based 
on  the  system  configuration.  Since  all  inputs  are 
monitored  simultaneously,  the  3800  can  swatch  between 
inputs  without  introducing  any  errors  into  the  phase 
lock  loop. 

The  phase  information  is  also  used  to  calculate  the 
frequency  over  the  past  100,  1000,  and  10000  second 
intervals.  This  data  is  stored  for  retrieval  by  the 
operator.  The  software  compares  the  measured 
frequency  against  operator  set  limits  and  generates  an 
alarm  when  any  input  exceeds  the  limit.  :t  the  faulted 
input  is  currently  the  reference,  the  ,vm  hi  can  be 
configured  to  automatically  switch  to  a  different  input. 

Since  the  3800  is  already  collecting  a  large  quantity  of 
information  about  the  input  signals,  its  own  operation, 
and  the  actions  of  the  operator,  an  event  log  was  added 
to  assist  in  monitoring  the  state  of  the  timing  system. 
The  event  log  time  stamps  and  maintains  a  record  of 
the  last  500  significant  events  which  have  occurred. 

This  allows  the  operator  to  look  for  correlations  when 
problems  arc  detected. 

The  3800  is  highly  configurable.  The  operator  can 
configure  the  limits  at  which  signal  faults  and 
frequency  errors  will  cause  the  input  to  be  considered 
unacceptable,  and  how  the  3800  will  respond  to  the 
failure.  The  PLL  time  constant  can  be  set 
(independently  for  each  oscillator)  anywhere  in  the 
range  allowed  for  the  oscillator.  The  oscillator 
operating  mode  can  be  set  (holdover,  acquire,  etc.)  for 
times  when  it  is  necessary  to  override  the  default 
operating  procedure. 

The  phase  data  for  each  input  is  stored  for  24  hours, 
along  with  the  oscillator  control  voltages.  This 
information  can  be  extracted  over  the  RS-232  interface 
and  analyzed  to  provide  a  detailed  record  of  the  input 
signal  behavior.  Frequency  measurements  arc  also 
stored  for  subsequent  analysis. 

Oscillator  Module 

Each  3800  can  contain  up  to  two  oscillator  modules. 
The  oscillators  are  configured  redundantly.  A  failure  in 
one  initiates  an  automatic  switchover  to  the  other 
oscillator  thereby  providing  continuous  operational 
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signals.  All  the  output  tuning  signals  are  generated 
from  the  master  oscillator. 

All  oscillator  modules  are  similar,  regardless  of  the 
type  of  oscillator  used  in  the  module.  Each  module 
contains  a  16  bit  DAC  to  control  the  oscillator 
frequency,  an  18.528  MHz  synthesizer,  and  a  1  pps 
generator. 

Oscillators  of  varying  quality  can  be  used  in  the  3800. 
Status  data  from  the  oscillator  module  is  used  to 
inform  the  processor  about  the  type  of  oscillator  used, 
so  it  can  set  up  the  phase  lock  loop  parameters 
correctly. 

A  Stratum  Three  module  uses  an  AT-cut  FTS  2510 
OCXO  as  the  oscillator.  The  Stratum  2.1  module  uses 
a  SC-cut  FTS  1000B  oscillator.  Its  performance  greatly 
exceeds  the  Stratum  3  module,  but  falls  short  of  the 
Stratum  Two  requirements  for  thermal  stability.  The 
Stratum  Two  module  uses  an  FTS  1130  oscillator.  The 
1130  oscillator  utilizes  a  double  oven  technique  to 
provide  the  required  thermal  stability.  The  inner  oven 
is  hermetically  sealed  to  provide  immunity  to  humidity 
changes  [5|  Tabic  3  lists  the  specifications  for  the 
different  oscillator  modules. 


Table  3.  Oscillator  Module  Specifications 


Str  3 

Str  2.1 

Str  2 

Tuning  Range 

10c-6 

3c-7 

3c-7 

Thermal  stabilily(per  ° 

C)  7c-9 

1.7c- 11 

3c-12 

Aging  (per  day) 

le-8 

le-10 

5c- 11 

Time  constant  range(sccs)  20-100 

100-3,000 

100-10,000 

Frame  Generator  Module 

There  is  one  frame  generator  associated  with  each 
oscillator  module.  The  frame  generator  uses  the  signals 
from  the  oscillator  module  to  generate  properly  framed 
signals  used  by  the  distribution  modules  to  produce  the 
timing  outputs. 

The  frame  generator  also  acts  as  an  interface  between 
alarm  information  generated  on  the  distribution  bus 
and  the  processor  bus. 

Distribution  Modules 

The  distribution  modules  generate  the  multiple  output 
signals  which  are  used  to  synchronize  other  equipment 
at  the  node.  All  the  distribution  modules  are  similar  in 


design,  with  differences  mostly  in  the  output  stage  to 
create  the  appropriate  waveforms  and  levels. 

All  distribution  modules  derive  their  outputs  from 
signals  generated  by  the  frame  generator  module.  Each 
module  can  utilize  the  signals  created  by  either  frame 
generator.  Normally  the  processor  module  selects 
which  frame  generator  signals  should  be  used  to 
produce  the  outputs.  Each  distribution  module 
monitors  its  inputs,  and  if  one  disappears  the  module 
will  switch  to  the  other  input  automatically,  thus 
providing  a  fail-safe  redundancy  configuration. 

The  timing  outputs  are  the  principal  output  of  the 
3800.  Loss  of  a  TSG  output  will  cause  the  downstream 
equipment  to  become  unsynchronized  and  will  disrupt 
communication.  Redundancy  of  the  liming  outputs  is 
critical.  The  3800  utilizes  a  one-for-one  "hitless" 
approach.  Modules  are  configured  in  pairs,  each 
module  producing  a  full  set  of  outputs,  nominally  20. 
The  modules  produce  the  same  complement  of  output 
signals  which  are  passively  combined  to  drive  one  set  of 
outputs.  If  one  of  the  modules  fails,  it  removes  its 
output  signals  and  signals  the  other  module  of  its 
failure.  The  remaining  module  boosts  its  output  level 
to  compensate  for  the  failure.  The  failed  module  can 
be  removed  and  replaced  without  ever  disrupting  the 
timing  signal. 

Performance 

Jitter 

The  telecommunications  network  is  largely  susceptible 
only  to  phase  noise  at  frequencies  above  10  Hz.  The 
industry  denotes  this  high  frequency  noise  region  as 
jitter,  and  for  frequencies  below  10  Hz  as  wander.  The 
ability  to  tolerate  large  amounts  of  jitter,  and  to 
attenuate  jitter  on  the  TSG  timing  outputs  are 
important. 

A  clock  must  be  able  to  work  with  signals  which  are 
highly  corrupted  by  noise.  Current  specifications 
require  that  a  Stratum  Two  or  Three  clock  accept  up  to 
18  us  of  phase  jitter  at  10  Hz.  The  3800  performance 
and  system  specification  are  shown  in  Figure  2. 

Because  jitter  is  defined  to  only  include  noise  above  10 
Hz,  the  jitter  attenuation  in  the  3800  is  essentially 
perfect.  The  update  rate  for  the  oscillator  control 
voltage  is  1  Hz,  so  no  input  jitter  is  passed  through  to 
the  timing  signals.  (Of  course,  jitter  (high  frequency 
noise)  is  translated  into  phase  fluctuations  at  low 


122 


frequencies,  but  the  industry  doesn't  care  much  about 
this,  yet.) 

An  alternative  way  to  view  the  high  frequency  noise  is 
as  phase  noise.  Figures  3  and  4  show  the  phase  noise 
for  Stratum  Two  and  Stratum  Three  3800's  locked  to  a 
DS1  signal.  The  DS1  signal  is  modulated  with  1  us  of 
white  noise  (10-150  Hz  band  limited)  to  simulate  a  real 
signal.  This  approach  to  measuring  the  performance  of 
slave  clocks  is  being  considered  by  telecomm  standards 
organizations  and  may  become  standard. 

Short  Term  Stability 

There  is  currently  no  requirement  on  the  stability  of 
the  clock  at  frequencies  below  10  Hz.  New 
applications,  especially  SONET,  are  sensitive  to  the 
phase  stability  in  the  range  of  1  to  1000  seconds.  Figure 
5  shows  the  stability  for  the  3800  when  locked  to  a  DS1 
signal  with  1  us  of  white  phase  noise,  along  with  the 
current  value  for  the  stability  specification.  The 
stability  specification  is  being  reviewed,  and  is  likely  to 
change. 

Stress  Test 

DS1  signals  are  never  perfect,  and  frequently  terrible. 
In  addition  to  substantial  amounts  of  jitter  and  wander, 
there  are  usually  several  episodes  a  day  in  which  the 
input  is  lost  entirely  for  short  periods.  This  could  be 
due  to  maintenance,  automatic  re-routing  of 
communications  lines,  transient  faults,  or  other  causes. 
These  brief  episodes  make  it  impossible  to  maintain  a 
continuous  phase  history  of  the  input.  Each  time  the 
signal  is  lost  and  reappears,  the  clock  must  establish  a 
new  baseline  for  the  phase  locked  loop.  Noise  makes 
this  process  imperfect,  and  the  nominal  phase  to  lock 
to  will  appear  to  undergo  a  random  walk.  This  can  lead 
to  a  net  frequency  offset.  T  he  maximum  frequency 
offset  in  the  presence  of  stressed  signals  is  currently 
not  specified.  The  performance  for  the  3800  was 
measured,  using  a  DS1  input  with  1  us  of  white  noise 
and  a  100  ms  interruption  every  7  minutes.  (This  level 
of  interruptions  is  four  times  larger  than  the  level 
recommended  for  stress  testing  and  is  much  higher 
than  what  is  seen  in  the  network.)  The  results  are 
shown  in  Figure  6.  The  frequency  offset  due  to  the 
random  walk  is  effectively  zero  for  the  Stratum  Two 
clock,  and  4c-12  for  the  Stratum  Three  clock.  This  type 
of  performance  is  adequate  to  maintain  the  le-11 
frequency  accuracy  requirement,  and  is  vastly  superior 
to  what  many  clocks  currently  in  use  can  do. 


Holdover 

The  ability  of  the  clock  to  hold  an  accurate  frequency 
when  the  input  reference  is  lost  is  the  ultimate 
differentiation  between  Stratum  Two  and  Three  clocks. 
The  aging  and  thermal  sensitivity  are  largely  set  by  the 
type  of  oscillator  used  in  the  clock.  The  error  in  the 
initial  estimation  of  the  frequency  is  determined  by  the 
software  in  the  3800.  For  a  Stratum  Two  or  2.1 
oscillator  with  a  1000  second  time  constant,  the 
frequency  estimation  error  is  specified  as  3e-ll. 

Typical  performance,  even  with  jittered  input  signals  is 
5e-12.  The  Stratum  Three  estimation  error  is  specified 
at  3e-9.  These  levels  of  accuracy  are  sufficient  to  allow 
the  3800  to  achieve  the  one  day  holdover  requirements 
of  lc-10  for  Stratum  Two  and  4e-7  for  Stratum  Three 
clocks. 

Conclusion 

Digital  telecommunication  network  timing  has 
problems  which  differ  greatly  from  those  seen  in  more 
traditional  time  and  frequency  environments.  New 
approaches  are  needed  to  cope  with  the  special 
features  of  this  environment.  The  FTS  3800  Timing 
Signal  Generator  has  been  designed  to  provide  high 
quality  timing  in  the  present  network,  and  to  be 
adaptable  to  the  new  requirements  that  are  being 
developed. 
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ABSTRACT 


The  frequency  stability  and  reliability  of  the  clocks  are 
critical  to  the  success  of  the  GPS  and  GLONASS  programs. 
We  will  show  some  of  the  similarities  and  differences 
between  the  clocks  involved  in  these  two  systems.  Because 
both  systems  plan  to  be  operational  in  the  next  few  years, 
the  data  leading  up  to  this  operational  stage  is  of  significant 
interest.  On-board  clocks  and  the  stability  of  the  master 
control  clocks  for  these  systems  are  analyzed. 

We  will  discuss  the  attributes  of  these  two  systems  as 
time  and  frequency  references.  Their  relationship  to  UTC 
will  also  be  illustrated.  More  data  over  a  longer  period  of 
time  was  available  for  the  authors  from  GPS  than  from 
GLONASS.  Even  so  it  is  obvious  that  both  systems  have 
matured.  Though  the  GLONASS  system  was  developed 
later,  its  overall  clock  performance  has  improved  more 
rapidly.  Some  of  the  more  recent  GLONASS  clock 
performance  is  at  about  the  same  level  as  that  of  the  GPS 
clocks. 

The  analysis  has  yielded  some  very  interesting  contrasts, 
comparisons,  and  changes  in  these  systems  that  should  be 
of  great  interest  for  time  and  frequency  users,  as  well  as  for 
clock  vendors  and  receiver  vendors. 


INTRODUCTION 

The  Global  Positioning  System  (GPS)  and  the 
GLONASS  (USSR  satellite  navigation  system)  are  the  first 
systems  to  use  atomic  clocks  in  the  space  environment. 

* 

Contribution  of  the  U.S.  Government,  not  subject  to 
copyright. 


The  reasons  for  using  atomic  clocks  to  assist  in  forming  an 
accurate  navigation  solution  for  a  receiver  set  are  obvious. 
In  the  error  budget  for  navigational  accuracy,  the 
performance  of  satellite  clocks  is  an  important  entry  As  a 
direct  source  of  time  and  frequency  from  space,  the 
performance  of  the  satellite  clocks,  again,  is  an  important 
consideration,  as  are  the  methods  of  controlling  the 
systems. 

The  purpose  of  this  paper  is  a  cursory  study  of  the 
performance  of  these  two  systems  as  time  and  frequency 
reference  sources.  We  do  not  have  access  to  all  of  the  data 
from  these  systems  for  their  full  time  of  operation  but  do 
have  significant  samples  from  which  it  is  possible  to  assess 
the  general  performance.  For  this  paper  the  GLONASS 
data  base  is  that  taken  by  the  receivers  at  the  University  of 
Leeds.  [1]  The  data  base  for  GPS  is  that  of  the  National 
Institute  of  Standards  and  Technology  (NIST)  in  Boulder, 
Colorado. 

We  will  study  the  time  inaccuracy  and  time  instability, 
and  the  frequency  inaccuracy  and  frequency  instability,  of 
both  systems.  Contributing  to  the  investigation  are  the 
frequency  offsets,  the  frequency  drifts,  and  methods  of 
estimating  these  states  as  seen  through  clock  noise, 
measurement  noise,  and  uncertainties  associated  with  other 
relevant  system  parameters. 

GPS  SATELLITE-CLOCK  PERFORMANCE 

The  timing  reference  used  for  the  analysis  of  the  GPS 
were:  UTC  as  generated  by  the  Bureau  International  des 
Poids  et  Mesures  (BIPM),  UTC(NIST)  and  UTC(USNO). 
UTC  is  the  official  international  reference  scale,  and  we 
will  use  it  wherever  data  permit  and  values  are  relevant. 
The  frequency  stabilities  of  all  three  of  the^  reference  time 
scales  are  better  than  a  few  parts  in  10  In  the  long 
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term,  both  UTC(NIST)  and  UTC(USNO)  are  kept 
synchronous  within  a  few  microseconds  of  UTC 

The  receivers  used  for  measuring  GPS  are  LI  dear- 
access  timing  receivers.  The  inaccuracies  in  determining 
the  time  of  a  GPS  satellite  clock  are  the  sum  of  the 
uncertainties  associated  with  the  broadcast  estimate  of  the 
satellite’s  position  and  ionospheric  correction  for  the  signal 
path,  the  tropospheric  delay,  multipath  perturbations, 
receiver  hardware  delays,  and  software  perturbations.  From 
experience,  the  size  of  these  inaccuracies  can  amount  to  a 
few  tens  of  nano-.ccor.ds. 

A  given  GPS  satellite  position  with  regard  to  a  fixed 
receiver  on  the  earth  remains  the  same  from  day  to  day 
when  measurements  arc  made  once  per  sidereal  day.  With 
the  data  taken  in  this  way  the  time  instabilities  from  day  o 
day  are  typically  less  than  10  ns. 

The  frequency  inaccuracy  and  the  systematic  trends  in 
the  frequencies  of  the  GPS  satellite  clocks  are  determined 
by  an  appropriate  filtering  of  the  daily  time  readings.  The 
frequency  instabilities  are  measured  in  the  usual  manner 
using  a  Oy(x)  diagram  to  characterize  the  time-domain 
performance. 

Figures  la  and  lb  arc  plots  of  the  time  accuracy  and 
the  frequency  accuracy  of  the  GPS-received  signal,  with 
respect  to  UTC.  GPS  time  is  estimated  with  a  Kalman- 
Bucy  filter  for  each  operating  satellite  clock.  The  filter 
determines  a  correction  to  be  applied  for  each  satellite 
clock  and  broadcasts  this  information.  Biases  and  random 
variations  of  the  order  of  a  few  nanoseconds  have  been 
observed  between  the  GPS  time  as  given  by  the  different 
GPS  satellites.  [2]  The  time  stability  from  day  to  day  of  a 
given  satellite  is  typically  better  than  if  the  measurement  is 
made  on  different  satellites.  Figure  2  is  a  plot  of  the 
frequency  stability  of  GPS  time  over  the  entire  interval 
shown  in  Figure  1. 

When  a  weighted  set  of  the  GPS  satellites  are  used  for 
time  transfer  in  a  common-view  mode,  day-to-day  stabilities 
less  than  1  ns  have  been  achieved.  [3J  The  common-view 
mode  is  most  commonly  used  for  transferring  clock  time  to 
the  B1PM  (pertinent  to  the  UTC  generation). 
Internationally  the  range  of  time  transfer  stabilities  from 
day  to  day  is  from  0.8  to  about  6  ns  when  using  a  weighted 
set  of  the  GPS  satellites. 

Under  a  Department  of  Defense  directive,  US  military 
time  is  to  be  synchronous  with  UTC(USNO).  Figure  3  is 
a  plot  of  how  well  the  GPS  has  achieved  that  goal. 
Because  of  the  low  Fourier  frequency  processes  present  in 
the  data,  the  standard  deviation  of  the  data  can  be 


deceptive  in  meaning.  Figure  4a  is  a  plot  of  o^fx)  ■ 
x’modOylx)/^  for  these  data,  which  provides  a  way  of 
dealing  with  these  low  frequency  processes  in  a  statistically 
valid  way.  The  GPS  data  word  provides  a  correction  to 
GPS  time;  this  correction  provides  an  estimate  of 
UTC(USNO).  Plotted  in  Figure  4b  is  the  time  stability  of 
the  estimate  of  UTC(USNO)  as  obtained  from  GPS 
satellite  NAVSTAR  10. 

Figure  5  is  a  plot  of  the  frequencies  of  several  of  the 
GPS  satellite  clocks  corresponding  to  rubidium-gas  cell 
clocks  and  to  cesium-beam  clocks.  The  plots  are  with 
respect  to  the  rat^f  UTC(USNO)  which  is  typically  within 
a  few  parts  in  10  of  the  rate  of  UTC. 

Figure  6  shows  plots  of  the  frequency  stabilities  of 
samples  of  the  GPS  satellite  clocks.  Each  kind  of  clock 
seems  to  have  a  characteristic  kind  of  "fingerprint.''  In 
addition,  the  frequency  drifts— as  can  be  observed  in  Figure 
5-are  very  different  between  the  different  kinds  of  clocks. 

Figure  7a  is  a  plot  of  the  time  of  GPS  satcll-te  No.  14’s 
clock  with  the  corrections  applied  to  give  an  estimate  of 
UTC(USNO).  It  is  obvious  where  selective  availability 
(SA)  is  turned  on  and  off.  SA  is  the  pureposeful 
degradation  of  the  broadcast  signal  in  order  to  deny  full 
GPS  accuracy  to  a  non-clcarcd  receiver.  This  degradation 
is  accomplished  by  modulating  the  effective  output  of  the 
satellite  clock  and/or  by  degrading  the  broadcast  ephemeris 
(satellite  position  information).  Figure  7b  is  a  frequency- 
stability  plot  with  and  without  selective  availability  (SA) 
present.  This  plot  employs  the  statistical  measure 
modOy(x)  to  show  that  the  long  term  variations,  though  at 
a  high  level,  can  be  characterized  as  a  white  phase  or  time 
modulation  process.  [4]  With  SA  on  it  takes  a  couple  of 
weeks  of  averaging  before  the  instabilities  of  a  cesium-beam 
clock  become  measurable. 

March  25,  1990,  GPS  went  officially  to  the  SA  mode  of 
operation  on  all  of  the  block  2  satellites  (those  satellites 
launched  since  1988).  The  effects  of  SA  arc  readily 
apparent.  We  have  been  given  to  understand  that  as  long 
as  the  block  1  satellites  last,  there  will  be  no  SA  on  them. 
We  performed  an  experimental  test  of  the  effects  of  SA  on 
GPS  common-view  time  transfer  via  satellite  14.  Wc 
measured  the  once  per  sidereal  day  time  instabilities, 
c»x(t  =  1  d)  over  a  three  month  period  as  compared  to  the 
block  1  satellites.  The  results  are  tabulated  in  Table  l. 
We  conclude  from  this  that  little  or  no  ephemeris 
degradation  was  present  on  SVN  14  during  this  period.  In 
other  words,  if  the  SA  present  on  SVN  14  were  mostly- 
placed  in  the  modulation  of  the  on  board  clock's  output, 
this  would  probably  cancel  when  the  differences  are 
computed  in  the  common-view  mode  and  if  the 
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Figures  la  and  lb.  GPS  time  and  normalized  frequency  from  1983  onward  as  measured  against  the  international  time  and 
frequency  reference,  UTC. 
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Figure  2.  A  plot  of  the  fractional  frequency  stability,  oy(t),  of  the  data  shown  in  Figure  1  -  the  stability  of  GPS  with  UTC 
as  the  reference. 
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Figure  3.  A  plot  of  GPS  time  against  UTC(USNO  MC).  Over  the  last  few  years  it  has  stayed  within  its  ;  1  |is  goal. 
UTC(USNO)  and  UTC(USNO  MC)  are  the  same. 
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Figure  4.  A  plot  of  the  time  stability  (ox(t)  =  T*modo  (t)/V3)  of  GPS  time  and  of  GPS  time  with  the  UTC(USNO  MC) 
corrections  with  respect  to  UTC(USNO  MC). 
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Figure  5.  A  plot  of  the  normalized  frequency  offset  in  parts  in  1012  with  an  arbitrary  offset  subtracted  from  each  GPS 
satellite  clock’s  frequency  for  plotting  convenience. 
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Figure  6.  A  plot  of  the  fractional  frequency  stability,  o  (t),  of  most  of  the  GPS  satellite  clocks  with  respect  to 
UTC(NIST).  y 
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Figure  7.  A  plot  of  the  time  (a)  and  the  fractional  frequency  stability,  (b)  of  GPS  vehicle  No.  14  showing  the  effects 
of  se'ective  availability  (SA)  as  it  is  turned  off  during  certain  periods  and  on  during  others. 
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measurements  were  symultaneous  at  the  two  sites  involved. 
The  very  small  time  instabilities  observed  would  confirm 
this  hypothesis.  The  common-view  sites  chosen  were 
Boulder,  Colorado  to  Washington  DC.  and  Boulder, 
Colorado  to  Paris,  France. 

TABLE  I 

COMPARISON  OF  MEASUREMENT  NOISES 
January  1,  1990  -  March  31,  1990 
UTC(OP)  -  UTQNIST) 


For  many  of  the  measurements  reported  herein,  it  has 
been  convenient  to  use  the  ao  term  as  broadcast.  This 
term  is  the  lime  difference  GLONASS  system  time  minus 
GLONASS  satellite  clock  time.  Like  GPS,  GLONASS 
transmits  correction  terms  which  allow  the  user  to  obtain 
Moscow  time,  and  Moscow  time  in  turn  is  kept  synchronous 
with  UTC(SU).  SU  is  official  Standard  Time  for  the  USSR 
as  kept  by  VNIIFTRI  -  their  standards  laboratory  40  km 
north  of  Moscow.  VNIIFTRI  is  the  nominal  equivalent  of 
NIST  in  the  US.  Over  the  last  four  years  UTC(SU)  has 
moved  from  a  time  difference  with  respect  to  UTC  of 
about  30  ps  to  now  about  10  ps. 


UTC(USNO  MC)  -  UTCfNIST) 


GLONASS  SATELLITE  CLOCK  PERFORMANCE 

The  receivers  used  for  the  measurement  of  GLONASS 
satellite  clocks  were  developed  and  built  at  the  University 
of  Leeds,  and  this  work  is  described  elsewhere  [1],  The 
frequency  band  used  by  GLONASS  is  the  same,  nominally, 
as  that  of  GPS,  and  the  timing  accuracies  and  stabilities  will 
be  limited  by  the  same  sets  of  phenomena  as  for  GPS.  As 
to  differences,  because  the  GLONASS  orbits  are  slightly 
lower  the  geometry  does  not  repeat  from  day  to  day  but 
repeats  every  eight  days. 


Figure  8  is  a  plot  of  GLONASS  system  time  versus 
UTC(USNO).  We  chose  to  analyze  the  quiet  segment 
during  the  March-June,  1989,  period  to  see  how  good  the 
performance  (in  terms  of  frequency  stability)  might  be. 
Figure  9  is  a  modo^fx)  plot  for  this  period.  The  reference 
clock  at  the  USNO  is  a  synthesized  output  from  a  hydrogen 
maser.  We  understand  that  the  reference  for  the 
GLONASS  control  facility  is  also  a  hydrogen  maser.  The 
one-day  instability  is  too  large  for  the  clocks  involved. 
Also,  the  slope  of  the  data  plotted  in  Figure  9  can  indicate 
the  type  of  noise,  and  in  this  case  it  is  nominally  well 
modelled  by  flicker  noise  phase  modulation  (PM).  Neither 
the  amplitude  nor  the  type  indicates  clock  noise.  Instead, 
the  observations  could  be  explained  by  short-term  receiver 
instabilities  or  clock  estimation  noise.  In  the  latter  case, 
the  source  is  likely  to  be  GLONASS,  because  the 
estimation  noise  for  GPS  has  been  traditionally  lower  than 
this  for  typical  time  transfer  receivers. 

Figures  10a  and  10b  are  plots  of  the  frequencies  from 
several  of  the  GLONASS  satellite  clocks.  These  data  are 
derived  from  the  GLONASS  system  estimate  of  the  time  of 
the  clock  with  respect  to  GLONASS  system  time.  There 
arc  periods  where  there  appear  to  be  long  term  correlated 
frequency  drifts  between  the  satellite  clocks.  If  the  system 
clock  were  drifting,  that  would  explain  some  of  these 
segments.  Or  if  the  satellite  clocks  had  correlated 
production  dependencies  which  could  effect  the  frequency 
drift,  such  a  performance  might  be  observed. 

Figure  11  shows  o  (t)  plots  for  several  of  the 
GLONASS  satellite  clocks.  We  observe  a  significant 
improvement  in  performance  with  time.  Whereas  the  GPS 
data,  outside  of  measurement  noise,  arc  direct 
measurements  of  the  satellite  clocks  with  respect  to 
UTC(NBS/NIST),  these  GLONASS  satellite  clock  data  arc 
estimates  of  the  clocks’  time  with  respect  to  GLONASS 
system  time.  The  improvement  observed  with  time  for 
sample  times,  x,  of  a  few  days  could  be  due  to  an 
improvement  in  the  estimates  or  an  improvement  in  the 
clocks.  If  performance  in  this  region  of  sample  times  is 
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Figure  8  A  plot  of  GLONASS  system  time  as  measured  against  UTCfUSNO  MC).  These  data  were  measured  at  Leeds 
deriving  an  estimate  of  UTCfUSNO  MC)  with  a  GPS  receiver. 
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Figure  'l.  A  plot  of  the  fractional  frequency  stability,  modOy(t),  of  a  the  smoothest  part  of  the  data  plotted  in  Figure  8 
The  t  behavior  is  modeled  by  flicker  noise  PM.  This  is  not  characteristic  of  the  clocks  involved. 
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Pleura  10a 


Pleura  10b 


12 

Figures  10a  and  10b.  A  plot  of  the  normalized  frequencies  in  parts  in  10  of  most  of  the  GLONASS  satellite  clocks. 


136 


due  to  the  estimate,  it  is  likely^th^it  the  slope  on  the  {Jy(x) 
plot  would  be  steeper  than  x 

The  longer-term  stabilities  shown  are  undoubtedly  due 
to  the  clocks  involved  -  the  clocks  being  either  the 
reference  (probably  a  hydrogen  maser  clock)  or  the  satellite 
clocks.  The  long-term  frequency  drifts  measured  arc  fairly 
characteristic  of  cesium-beam  frequency  standards. 


COMPARISONS  OF  GPS  AND  GLONASS  CLOCK 
PERFORMANCE 

The  data  bases,  as  they  were  available  to  us  for  this 
paper,  do  not  allow  a  direct  and  fair  comparison,  since 
different  reference  standards  and  different  measurement 
systems  were  used.  If  the  reader  takes  into  account  the 
conditions  stated  in  the  previous  sections,  the  following 
comparisons  yield  some  interesting  perspectives. 

By  way  of  review,  the  reference  for  the  GPS  data  was 
UTC(NBS/NIfj'p.  This  reference  has  a  one-day  stability  ji| 
about  1.5  x  10  ,  and  a  flicker  floor  ijf  less  than  1  x  10 

and  a  frequency  drift  of  about  3  x  10  /d  or  less.  Ricker 
floor  means  the  best  stability  achieved  in  a  o  (x)  plot. 
For  the  GPS  and  GLONASS  satellite  clocks  the  x  values 
for  the  flicker  floor  were  a  few  weeks.  UTC(USNO)  has 
comparable  performance  to  UTC(NBS/NIST).  Other  than 
the  data  shown  in  Figures  8  and  9,  we  have  no  other  direct 
comparisons  of  the  GLONASS  system  time  to  any  other 
UTC  time  scale. 

The  frequency  accuracies  ofjJJTC(NBS/NIST)  and 
UTC(USNO)  are  a  few  parts  in  10  .  The  frequency  offset 

of  GLONASS  system  time  is  about  6  x  10' for  the  period 
shown.  Figure  12  is  a  plot  of  the  time  accuracy  of  the 
various  systems.  UTC(SU)  is  official  USSR  time  as 
determined  by  their  primary  standards  laboratory 
VN1IFTRI  near  Moscow.  What  is  plotted  for  UTC(SU)  is 
obtained  from  Loran-C  measurements  as  published  by  the 
BIPM. 

If  the  random  deviations  of  the  frequency  of  a  clock 
have  a  white  spectrum,  then  a  linear  regression  to  the 
frequency  is  the  optimum  estimate  for  the  frequency  drift. 
If/hc  random  deviations  are  random  walk  (if  they  have  an 
f  *"  spectrum),  then  the  mean  finite  second  difference  is  the 
optimum  estimator  for  the  frequency  drift.  Since  in 
practice  we  may  have  combinations  of  these  processes, 
special  algorithms  for  drift  estimation  may  be  necessary.  [4| 

Table  2  gives  a  comparison  of  the  one  day  stabilities, 
the  flicker  floors  and  the  frequency  drifts  for  the  GPS  and 


GLONASS  clocks.  Please  note  again  that  these  are  not 
direct  comparisons  because  of  the  different  reference 
standards  and  measurement  systems.  The  flicker  floors  and 
frequency  drifts  should  be  fairly  representative  numbers 
Notice  the  dramatic  improvement  in  the  performance  of  the 
GLONASS  clocks  from  the  earlier  to  the  more  recent 
satellites. 


TABLE  D 


GPS 

Satellite 

PRN/NAV 

1  Day 
Stability 
•10U 

Flicker 

Floor 

•lO14 

Drift  /Day 

M015 

5/5 

29.4 

11.6 

1.6 

6/3  (Rb) 

123 

500 

•60 

11/8  (Rb) 

63 

2.8 

-168  0 

11/8  (Cs) 

8.8 

33 

•0.8 

12/10 

11.1 

33 

-0.8 

13/9 

139 

4.0 

-03 

2/13 

15.0 

53 

■42 

14/14 

12.5 

<  3 

-03 

16/16  (Rb) 

26.4 

123 

-3300 

19/19 

212 

15  1 

220 

Glonass 

1  Day 

Flicker 

Drift /Day 

Satellite 

Stability 

•1014 

Floor 

*1014 

*1015 

G16 

119.0 

100.0 

-81 

G23 

114  0 

890 

-1.8 

G28 

91.1 

780 

-4.1 

G36 

389 

310 

-4.7 

G37 

20.4 

18.0 

-6.1 

G40 

28.7 

24.0 

♦  14.1 

G42 

28.0 

<  4 

■02 

CONCLUSIONS 

Our  procedure  for  determining  the  performance  of 
both  GPS  and  GLONASS  on-board  clocks  is  identical  -  we 
examine  the  time  series  of  daily  phase  and  frequency  offsets 
transmitted  by  the  spacecraft  themselves.  In  the  case  of 
ground-based  system  references,  our  GLONASS  reference 
is  a  1  pps  reference  itself  locked  to  within  100  ns  of 
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UTC(USNO).  As  far  as  on-board  clocks  are  concerned, 
our  analysis  can  be  compared  with  the  known  performance 
of  individual  GPS  clocks.  In  the  case  of  GLONASS  it  is 
not  known  a  priori  what  types  of  clocks  are  carried  and  in 
this  sense  our  analysis  of  GPS  can  be  seen  as  a  kind  of 
precalibration. 

The  time  series  analysis  which  results  in  a^(x)  versus 
x  plots  shows  the  individual  characteristics  of  each  satellite 
clock.  Rubidium  and  cesium  clocks  are  carried  bv  the 
different  GPS  satellites,  it  also  leads  us  to  discuss  the 
performance  and  types  of  on-board  standards  carried  by 
GLONASS.  In  general  terms,  the  time  series  analysis 
shows  a  consistently  higher  performance  for  GPS  clocks 
over  GLONASS  clocks.  This  statement  is  taken  to  refer  to 
satellites  active  during  a  period  of  several  years.  However, 
while  the  GPS  clock  performance  has  been  consistently 
high,  the  GLONASS  clocks  started  from  a  mediocre 
performance  and  have  improved  steadily  with  time  so  that 
some  of  the  recently  launched  GLONASS  clocks  are 
comparable  to  GPS  clocks.  This  conclusion  is  reinforced  by 
the  data  presented  in  Table  2. 


GPS  Common  View  Data,  IEE.~  Trans  Instrum 
&  Meas,  IM-36.  572-578  (1987) 

4)  D.W.  Allan,  Time  and  Frequency  ( Fime-Domain) 

Characterization,  Estimation,  and  Predict. of 
Precision  Clocks  and  Oscillators,  1EEE 
Transactions  on  Ultrasonics,  Ferroelectrirs,  and 
Frequency  Control,  UFFC-34,  647-654,  1987 


GPS  satellite  clocks  and  their  more  recent  GLONASS 
counterpart  clocks  meet  specification  for  global  navigation 
satellites  and  arc  capable  of  transferring  time  with  day-to- 
day  time  stabilities  of  10  ns  or  bettt^  and  long-term 
frequency  stabilities  of  a  few  parts  in  10 

Our  analysis  of  measurements  of  GLONASS  system 
time  versus  UTC(USNO)  give  evidence  in  the  short  term 
(1  day)  of  estimation  or  receiver  errors  not  properly 
understood.  In  the  long  term  (>8  days)  we  see  clear 
evidence  of  the  high-quality  of  both  reference  clocks.  The 
UTC(USNO)  reference  is  known  to  be  a  hydrogen  maser 
and  it  seems  more  than  likely,  based  on  the  evidence 
presented,  that  the  GLONASS  system  clock  is  also  a 
hydrogen  maser  at  least  during  certain  periods  of  time. 
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AND  AMPLITUDE  NOISE  OF  OSCILLATORS 

K1N-WA  WAN,  JOHN  AUSTIN  &  ENR1C  VILAR 

Microwave  telecommunications  &  Signal  Processing  Research  Group,  School  of  Systems  Hngmcciim-. 
Portsmouth  Polytechnic.  Anglesea  Building,  Anglesea  Road.  Portsmouth.  POl  3I)J.  England. 


Abstract: 

The  paper  is  concerned  with  one  aspect  of  our  recent 
development  carried  out  at  Portsmouth  Polytechnic  (UK) 
regarding  a  novel  approach  for  the  simultaneous  measurement  of 
amplitude  and  phase  nose  in  oscillators.  A  description  of  the 
measurement  system  and  the  associated  processing  techniques  is 
presented. 

The  measurement  system  includes  a  conventional 
complex  (I  &  O)  demodulator,  a  high  speed  sampler  and  a 
digital  computer.  The  techniques  have  been  named  time-domain 
phase  unwrapping  and  real  amplitude  de-enveloping.  They 
permit  the  reconstruction  of  the  demodulated  I  and  Q  signals  as 
a  vector  rotating  at  a  convenient  beat  frequency  randomised,  in 
phase  and  magnitude,  by  noise.  The  problems  encountered  in 
conventional  AM  and  PM  detection  can  be  overcome  using  the 
afore-mentioned  approaches.  As  a  result,  direct  and  true 
amplitude  and  phase  noise  can  be  measured  and  characterised. 


Keywords:  Phase  Noise,  Amplitude  Noise.  Phase  Unwrapping. 

Amplitude  De-enveloping.  Vector  Demodulation 

I  Introduction 

The  use  of  phase  detectors,  together  with  feedback  control 
loops,  for  measuring  phase  noise  in  oscillators  is  well  established. 
The  dynamic  range  and  linearity  of  the  phase  detector,  the 
sensitivity  of  the  control  loop,  as  well  as  other  aspects,  are  the  main 
problems  associated  with  this  approach.  Even  though 
developments  in  advanced  digital  signal  processing  (DSP) 
techniques  offer  alternative  ways  to  carry  out  phase  noise 
measurements,  the  importance  and  capability  of  DSP  techniques 
in  the  measurement  and  analysis  of  noise  in  oscillators  are  still  not 
well  recognised.  This  paper  attempts  to  overcome  this  and  an 
approach  is  presented  combining  advanced  instrumentation 
computer  technology  with  fast  digital  signal  processing 
techniques.  A  brief  introduction  for  phase-only  measurements 
was  given  in  [3)  with  greater  details  given  in  [4|, 

The  measurement  system  includes  a  conventional 
in-phase  and  quadrature  (l-Q)  demodulator,  a  dual-channel  high 
speed  sampler  ( 12  bits)  and  a  digital  computer.  The  demodulated 
signals  are  converted  to  digital  form  and  then  analysed  further  in 
the  computer.  The  block  diagram  of  the  measurement  system  is 
shown  in  figure  1.  The  digital  signal  processing  techniques  which 
follow  after  complex  demodulation  have  been  called  time-domain 
phase  unwrapping  (TDPU)  and  real  amplitude  de-enveloping 
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(RADE/.  They  permit  the  simultaneous  measurement  of  the  phase 
and  amplitude  noise  of  the  oscillator  under  test  provided  the 
sampling  speed  is  sufficiently  high. 

In  AM  measurements,  the  clipping  problem  which  occurs 
in  the  conventional  AM  envelop  detectors  can  be  eliminated  using 
the  present  system.  We  note  that  the  response  of  a  conventional 
envelop  detector  can  be  very  complex  and  that  it  is  non-linear.  As 
a  result,  the  response  to  signal  plus  noise  is  not  simply  the  sum 
of  the  separate  responses  to  signal  and  to  noise.  For  phase  noise 
detection,  the  dynamic  range  limitation  of  ±  90"  or  ±  18(/' 
found  in  a  conventional  phase  detector  can  be  overcome  using  the 
time-domain  phase  unwrapping  technique  applied  to  reconstruct 
the  random  phase  from  the  measured  I  and  Q  signals. 

It  is  important  to  emphasise  that  the  LO  signal  of  the  1-0 
demodulator  is  not  phase  or  frequency  kicked  to  the  RF  signal 
under  test,  and  the  LO  frequency  is  only  adjusted  to  be  close  to 
the  RF  frequency  for  convenience.  In  such  a  phase  or  frequency 
unlocked  measurement  system  the  first  advantage  is  that  the 
limited  time  response  of  a  phase  or  frequency  lock  loop  system  is 
avoided.  Secondly,  the  complex  transfer  function  of  the 
phase/frequency  lock  loop  which  exhibits  different  characteristics 
inside  and  outside  the  loop  bandwidth,  need  not  be  taken  into 
account  in  the  spectral  analysis  of  oscillator  noise.  Sometimes,  the 
decision  to  use  either  a  tight  or  a  loose  phase/frequency  lock  loop 
system  is  not  easy.  However,  the  measurement  bandwidth  is  only 
related  to  the  sampling  frequency  frequency  f, .  The  selection  of 
/,  depends  only  upon  how  far  from  or  close  to  the  carrier  the 
characterisation  of  the  noise  present  is  taken  provided  aliasing  is 
not  introduced. 


Figure  1:  The  block  diagram  of  l-Q  measurement  system. 
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2  Theoretical  Background 
2.1.  Phase  Noise  in  RF  Signals 

Let  us  consider  the  simple  model  of  an  RF  signal 

K/0  =  A/0  cos[2nivr  +  ip{t)\  ,  (1) 

where  vu  is  the  nominal  (carrier)  frequency,  and  ip(t)  is  the  phase 
noise  associated  with  the  random  frequency  fluctuation.  A/0  is 
assumed  to  be  constant,  that  is.  A/0  =  A/-  If  this  signal  is 
demodulated  as  shown  in  figure  1  using  /  and  Q  amplitude  and 
phase  noise-free  local  oscillating  signals 
Vhx(t)  =  Ao  cos(2 nvj)  and  14. /0  =  -  A»  sin(2nv„t) 

(followed  by  low-pass  filtering)  then,  the  sampled  outputs  of  the 
filters,  /,  and  Q, ,  at  the  time  t,  will  be 

1,  =  A,f  a,  cos(V>,)  (2) 

Qi  =  Arf  a,  sin(i/V)  (3) 

where  ip,  is  the  sample  of  the  random  phase  noise  ip(l)  at  the  time 
t,  ( i  2  1  ).  ip o  is  assumed  to  be  zero  with  no  loss  of  generality. 
a,  is  the  factor  associated  with  the  conversion  loss  in  the  mixing 
process,  and  the  attenuation/gain  in  the  filtering/amplifying 
process.  It  is  noted  in  here  that  the  mixers  must  be  hard  driven, 
that  is,  the  LO  power  is  at  least  lOdBm  greater  than  the  RF 
power.  In  the  hard  driven  mode,  the  mixer  diodes  will  be  fully 
turned  on  and  off  for  lowest  distortion  during  the  mixing  process. 
Now,  let  us  define  the  complex  voltage  output  V,  at  the  time  I, 
as 

K  =  I,  +  1  Q,  .  (4) 


Figure  2:  The  diagram  illustrates  the  demodulated  vector. 

as  shown  in  figure  2,  where  j2  =  -  1 .  The  demodulated  I  and  Q 
signals  represent  a  vector  (l,  ,  Q,)  randomised  with 

ip,  in  phase  at  the  ith  time  interval.  For  convenience,  let  us  assume 
for  the  moment  that  the  LO  frequency,  v / ,  is  equal  to  the  RF 

frequency,  va  .  that  is,  v,  =  va  in  figure  2.  The  product  V,K-i 
is 

K  K-t  =  (I,  +  J  Q.)  (At  - 1  Q,  i) 

=  A/n^'  Arf,t’*-' 

=  (Arf  a,)2  t**  ,  (5) 


where  *  denotes  the  complex  conjugate.  Therefore,  one  can  find 
Ai/>,  from  the  following  equations: 

log/KK’i)  =  21og,(A/«,)  +  /Ay,  that  is  (6) 

A  ip,  =  /m«g[log,(KX-i)]  (7) 

where  linug  represents  the  imaginary  part  of  the  expression.  As 
long  as  the  sampling  frequency  is  fast  enough,  and  the  in-phase  I,  and 
quadrature  Q,  outputs  are  band-limited,  there  is  no  phase  increment 
from  i-lth  to  ith  time  interval  greater  than  it .  Thus,  if  each 
incremental  phase  change  |  A  ip,  \  is  less  than  it .  we  can  find  the 

angle  of  the  vector  V,V[_\  by  algebraical  manipulation  of  the 
successive  samples  /,_i ,  Q,-\ ,  I, .  Q,  and  obtain  the  sampled 
random  phase  noise  process  ip,  from  the  incremental  results  A  ip, 
without  any  2ji  ambiguity  in  the  reconstructed  random  phase  noise 
curve.  The  phase  reconstruction  process  is  called  time-domain 
phase  unwrapping  (TDPIJ).  The  algorithm  is  shown  in  figure  3. 


Figure  3:  The  signal  processing  diagram  of  the 
time-domain  phase  unwrapping  process. 


Furthermore,  the  averaged  frequency  fluctuations  An, 
over  the  sampling  period  A /  can  be  found  by 


An,  = 


2zrA  t 


(8) 


Because  of  (8)  and  the  condition  |  A  ip,  \  <  it ,  the  absolute 

value  of  the  fractional  frequency  deviations  Ay,  (or  )  must 

Vo 


be  smaller  than  — -  in  order  to  unwrap  the  measured  random 

2Mv0 

phase  with  no  ambiguity.  One  can  also  think  in  terms  of  An,  as 
being  equivalent  to  the  frequency  deviations  measured  by  a 
frequency  counter  with  a  gate-time  r  =  T  and  dead-time 
id  =  0.  Thus,  time-domain  frequency  analyses  of  the  measured 
signal,  like  using  the  Allan  variance  1 1 )  or  the  Hadamard  variance 
|2).  can  be  carried  out. 


So  far  it  has  been  assumed  for  convenience  that  the  LO 
frequency,  n / ,  is  equal  to  the  RF  frequency,  v0  .  However,  it  is 
very  important  to  note  in  here  that  the  local  oscillator  frequency 
is  only  adjusted  to  be  close  to  the  frequency  of  the  oscillator  under 
test;  it  is  not  necessary  to  lock  the  LO  and  RF  signals  to  the  same 
frequency.  If  the  LO  and  RF  frequencies  are  not  equal,  the 
demodulated  signals  will  contain  a  "beat"  signal  of  frequency 

|  V/  -  v0 1  .  Therefore  V,V"-i ,  (5),  becomes 
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v,  K*-I  =  (/,  +  y  {?,)(/, -t  («> 

=  Ar/u, 

The  incremental  phase  change,  A<t>, ,  from  the  i-/th  to  rth  time 
interval  can  be  written  as 

Ach,  =  2jr(tT,-uuX'. -h-i)  +  k<h)-tKf<-i)| 

=  2ji(d/  -  uu)At  +  A  y,  (1(1) 

where  A /  is  the  sampling  period.  Therefore,  the  unwrapped  phase 
will  contain  the  random  phase  y(r)  superimposed  to  a  linear 
phase  trend  represented  by  2 n(vt-vu)t .  In  the  other  words,  the 
demodulated  vector  (I,  ,  Q,)  rotates  at  the  frequency  (iy  -  v0) .  and 
is  also  randomised  with  y,  in  phase  at  the  rth  time  interval.  In  this 
case,  the  unwrapped  phase  is  given  by  <t>(r)  and  expressed  as 

<D(<)  =  2ji(vi-v„)t  +  y(r)  (11) 

which  is  illustnted  in  figure  4.  One  should  notice  from  (11)  and 
figure  4  that  the  "beat"  frequency  (ry-i>u)  can  be  found  by 
estimating  the  slope  of  a  straight  line  fitting  best  <t>(/) . 


Figure  4:  The  illustration  of  the  unwrapped  random  phase 
y(/)  superimposed  with  the  linear  phase 

2ti(v,-v0)t . 


2.2.  RF  Amplitude  Noise 

In  section  2.1..  we  have  assumed  that  the  AM  noise  of  the 
RF  signal  was  negligible,  which  is  usually  the  case  for  high  quality 
oscillators.  However,  the  measurements  of  amplitude  noise.  £(/) , 
of  the  RF  signal  can  also  be  carried  out  using  the  l-Q  analysis 
system  shown  in  figure  1.  For  this  we  re-write  (1)  emphasizing  the 
(random)  amplitude  component  £(r)  as  follows: 

K/r)  =  A, ft)  cos[2rnv  +  VW I 

=  \A,f  +  £(/)]  cosj2,7tV  +  y(f)|  (12) 

and  with  the  assumption  of  no  amplitude  noise  in  the  LO  signals, 
the  /,  and  Qj  components  will  be  expressed  as 

/,  =  [Arf  +  I,]  a,  cos(y,)  (13) 

Q,  =  {Arf  +  f,]  a,  sin (y,)  (14) 

which  complement  (2)  and  (3).  £,  is  the  discrete  form  of  the 
amplitude  noise  of  the  RF  signal  at  the  ith  time  interval.  In  the 


other  words,  the  demodulated  vector  (/,  .  Q,)  is  randomised  with 
f,  in  magnitude,  and  (5)  of  section  2.1.  becomes 

K  K’i  =  a}  (A„  +  £)  (A,/  +  fi.,)  (15) 

which  shows  that  no  error  is  introduced  by  the  RF  amplitude  noise 
in  the  estimation  of  Ay, .  Since  A,f  £(r) ,  we  can  also 
assume  that  the  conversion  loss/gain  u,  is  fairly  constant  all  the 
time. 

Furthermore,  from  the  results  of  the  /,  and  Q, 
components,  we  can  calculate  £,/A,f  by  the  following  equation: 


A,f 


o,  A,f 


/(A)2  +  (ft) 


-  1 


(16) 


as  cos2(  )  +  sin2(  )  =  1  .  The  vector  (/,  .  Q,)  of  figure  2  is 
supposed  to  exhibit  constant  magnitude.  Any  deviation  of  the 
magnitude  of  the  vector  (/,  .  Q,)  from  A,f  a,  can  be  considered 
as  the  noise  contributed  by  £(f) .  This  approach  applied  to  the 
measurement  of  amplitude  noise  present  in  oscillators,  as 
demonstrated  in  ( 16),  has  been  named  real  amplitude  de-enveloping 
(RADE).  Tlie  corresponding  algorithm  is  illustrated  in  figure  5. 
With  the  assumption  of  zero  mean  of  f, .  one  can  obtain 

<  (A„  +  l)  a,  >  -  <  v  (/;  +  Q;)  > 

=  Arftl,  (12) 


I,  +  jQi 


Figure  5:  The  algorithm  to  find  the  fractional  amplitude 
noise. 


where  <  >  denotes  ensemble  average.  Therefore,  by  means  of 

(16)  and  (17),  one  can  calculate  the  power  spectrum  of  the 


fractional  amplitude  deviation.  Calling  z(t)  =  ,  SfJ)  permits 

Arf 


the  comparison  of  the  amplitude  noise  of  various  signals.  The 
additional  advantage  of  studying  the  amplitude  noise  of  a  signal 
in  terms  of  z  is  that  the  accuracy  of  the  noise  estimation  does  not 
rely  on  the  calibration  result  of  the  conversion  loss/gain  a,  but  on 

estimating  A,r  a,  in  (17).  An  accurate  value  for  Arf  a,  can  be 


easily  obtained  provided  the  measured  data  set  of  ( I,  ,  Q, )  is 
sufficiently  large. 


Finally,  ^A‘r  represents  the  signal  power.  lOlogm.S'X/) 

represents  the  single  side  based  amplitude  noise  power  £2 
relative  to  the  carrier  power  in,  again,  dBc/Hz  and  one  can  use  the 
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symbolic  representation 

Uf)  (dBc/Hz)  =  lOlogmftl/)!  -  3  (18) 

which  complements  the  conventional 

/.(/)  (dBc/Hz)  =  10logIO|3.V(/)(rad2/Hz)l  -  3  .  (19) 

3  Experimental  Results  and  Discussion 

A  photograph  of  the  arrangement  for  the  amplitude/phase 
noise  measurements  is  shown  in  figure  6,  The  test  oscillator 
consisted  of  a  synthesizer  AM  or  FM  modulated  by  Gaussian 
white  noise  degrading  the  spectral  purity  and  introducing 
amplitude  or  phase  noise  in  a  a  controlled  manner.  In  the  "AM” 
and  “FM"  experiments,  the  carrier  frequency  and  the  amplitude 
of  the  RF  signal  from  the  signal  synthesizer  were  set  to2.5MH  and 
4.5dBm  respectively.  Tire  "rms  amplitude  open  circuit”  and  the 
Gaussian  noise  bandwidth  of  the  noise  generator  were  0. 1  volt  and 
150Hz  respectively.  A  cut  off  frequency  of  3(K)Hz  was  chosen  in 
the  low-pass  filter  unit. 


Figure  6:  Photograph  of  the  experimental  layout  for 
phase  and  amplitude  noise  measurements. 


For  the  "AM"  experiments,  10%,  30%  and  50%  AM 
depths  in  the  signal  generator  were  selected.  The  sampling 
frequency  /,  was  2kHz.  The  results  of  the  analyses  offered  by  the 
RADE  and  then  the  conventional  Fourier  transform  are  shown  in 
figure  7.  We  note  from  the  spectra  of  figure  7  that  the  white  AM 
noise  is  present  in  the  RF  signal  under  test  as  expected,  and  the 
"beat”  frequency  is  about  7.8125Hz.  On  the  other  hands,  the 
"beat"  frequency  is  also  found  to  be  -7.3517Hz  using  the  TDPU. 
The  negative  sign  indicate  that  the  carrier  frequency  of  the  LO 
signal  is  smaller  than  that  of  the  RF.  A  difference  of  less  than 
about  0.4Hz(  7.8125Hz-  |  -  7.35 17 1  Hz  )  between  the  frequencies 
indicated  by  the  TDPU  and  the  Fourier  transform  technique  was 
found. 

In  the  "FM”  experiments,  the  FM  deviation  set  up  in  the 
synthesizer  was  O.lkHz/volt.  The  sampling  frequency  was  80kHz. 
The  result  of  the  analysis  offered  by  the  TDPU  followed  by  the 
Fourier  transform  is  shown  in  figure  8.  Since  the  RF  signal  is 
frequency  modulated  by  white  noise,  the  phase  noise  spectrum  of 
figure  8  has  about  -20dB/decade  roll-off  within  the  bandwidth  set 


in  the  noise  generator  The  noise  floor  is  about  -123dB/Hz,  with 
=  80kHz  . 


Figure  7:  Power  spectra  of  the  measured  fractional 
amplitude  noise.  The  AM  modulation  indexes 
selected  in  the  signal  generator  were  10%,  30% 
and  50%. 


Figure  8:  The  measured  phase  noise  spectrum  under  the 
second  test  condition.  The  sampling  frequency 
/,  is  80kHz. 


Finally,  in  order  to  investigate  the  dynamic  range 
limitations  of  the  present  measurement  system  associated  with  the 
sampling  frequency  fs ,  experiments  and  computer  simulations 
have  been  carried  out.  This  provides  a  straight  forward  method 
of  determining  the  sensitivity  of  the  system  when  A  ip,  is 

calculated  by  means  of  iogf(KK-\)  ■  The  results  of  the 
investigation  are  shown  in  figure  9.  One  concludes  from  figure  9 
that  as  /,  increases,  the  spectral  density  of  the  "noise  floor"  or 
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quantization  noise.  S^(f) .  is  reduced  by  the  appropriate  factor 
fj 2  .  There  is  less  than  5dB  difference  between  simulations  and 
experimental  results.  The  difference  is  due  to  the  noise  introduced 
by  filters  and  amplifiers  in  the  experimental  measurements  but 
not  in  the  computer  simulations.  The  relative  reduction  as  f 
increases  is  exactly  as  predicted  by  assuming  the  quantization 
noise  power  “evenly"  distributed  over  the  bandwidth  fj 2 . 


A/2  /Hz 

Figure  9:  The  experimental  and  simulation  results  of  the 
noise  floor  as  a  function  of  the  sampling 
bandwidth  A/2. 

4  Summary  and  Conclusion 

In  this  paper,  after  an  overview  of  the  current 
measurement  system,  the  concepts  of  the  techniques  named 
TDPU-RADE  for  the  reconstruction  of  random  phase  and 
amplitude  noise  processes  have  been  presented.  For  the 
measurements,  the  RF  signal  under  test  is  demodulated  by  the 
in-phase  and  quadrature  LO  signals.  That  is.  complex 
demodulation  is  involved.  It  is  very  important  to  note  that  the  LO 
signals  are  not  locked  to  the  RF  signal.  It  is  only  necessary  that 
the  I  and  O  LO  signals  themselves  maintain  an  accurate  90" 
phase  relationship  over  the  measurement  bandwidth.  The 
demodulated  I  and  Q  signals  can  be  considered  as  a  vector 
rotating  at  the  frequency  (v,-v„).  which  is  randomised  with  xp, 
in  phase  and  with  £  in  magnitude.  I  and  Q  components  are 
digitisied  and  then  analysed  by  means  of  the  TDPU-RADE 
techniques  followed  by  conventional  Fourier  analysis. 

Only  the  concept  of  the  reconstruction  of  a  linear  phase 
superimposed  to  a  random  phase  has  been  demonstrated  in  this 
paper,  and  the  frequency  drift  of  the  signal  under  test  has  not  been 
considered.  The  authors  believed  however  that  time-domain 
phase  unwrapping  can  handle  the  drift  situation  using  a  second 
order  polynomial  fitting  to  the  reconstructed  phase  signal  as  long 
as  the  drift  is  not  too  large  or  too  fast  and  the  sampling  frequency 
is  high  enough.  As  a  result,  the  rate  of  the  frequency  drift  can  be 
determined.  Furthermore,  a  periodic  signal  present  in  the  phase 
of  the  RF  signal  under  test  can  be  identified  by  fitting  a  sinusoidal 


curve  to  the  unwrapped  random  phase  or  from  the  result  of  the 
corresponding  spectral  analysis. 

Finally,  the  experimental  and  simulation  results  of  figure 
9  confirm  that  the  dynamic  range  of  the  measurement  system  is 

sampling  frequency  (A  )  dependent,  that  is.  SJj)  *  2/A  .  even 
though  vector  multiplication  and  logarithm  operations  are 
involved  in  the  calculation  of  y, . 
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Abstract 

The  paper  describes  a  high  redundant  Tiee 
A  Frequency  generation  and  distribution 
system  which  has  been  developed  at  TFL  for 
Satellites  Ground  Station  (or  Stratum  1 
for  digital  telecommunication) .  The  system 
features  extremely  high  reliability 
(millions  of  hours  MTBF) ,  where  a  majority 
vote  occurs  among  3  frequency  sources 
which  are  phase  aligned  and  from  which  a 
Master  is  selected  under  microprocessor 
control.  No  dead  time,  amplitude  or  phase 
jump,  occurs  during  a  master  change  over. 
The  selected  Master  is  used  as  a  source 
for  a  distribution  amplifier.  The  system 
is  designed  to  meet  CCITT  Rec.  G811  and 
features  exceptional  phase  stability,  low 
noise  and  high  isolation  between  outputs. 
All  three  frequency  sources  are  phase 
locked  to  the  jittered  output  of  GPS 
receiver,  using  a  very  slow  time  constant 
to  filter  out  the  jitter.  Thus  both 
excellent :  short-and-long-tern-stabilities 
(5-10' 11  per  month,  1x10  11  per  life) 
are  achieved. 


Intx  oduction 

Accurate  Time  and  Frequency  source  is  a 
must  in  every  satellite  control  ground 
station . 

Some  of  the  uses  for  such  source  (master 
clock)  are: 

a.  Measuring  and  recording  slow  and  fast 
phenomena  relating  to  the  satellites 
various  tasks. 

b.  All  transmitters  and  receivers  in  the 
ground  station  must  have  one  common  time  A 
frequency  reference.  The  same  goes  for 
synthesizers,  counters  and  other  measuring 
and  generating  equipment  in  the  station, 
which  are  hase-locked  to  the  master 
frequency. 

(Lack  of  synchronization  and  time  skew  is 
prevented  this  way) . 

c.  When  data  stream  is  passed  from  one 
station  to  another,  via  satellites,  it  is 
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essential  to  use  one  tine  base  for  both 
stations  (or  more)  plesiochronousley. 

Thus,  one  needs  a  highly  stable 
(jitterless)  reliable  and  uninterruptible. 
Time  A  Frequency  generating  and 
distributing  system. 

For  these  applications  T.F.L  have  designed 
a  high  redundant,  multiple  output  whose 
frequency  A  time  source  is  locked  to  the 
UTC  (Coordinated  Universal  Time)  via  a  GPS 
receiver.  Thus  a  long-term-stability  of 
1x10' 1 '  per  life  is  achieved.  This 
system  is  modeled  TF-3100A  and  is 
described  in  figure  1. 

Some  of  the  system's  features  are: 

A.  UTC  traceable  via  GPS  receiver 

B.  Filtering  and  eliminating  jitter  and 
noises  of  the  GPS  receivers  outputs  and 
tracking  it's  main  frequency. 

C.  The  use  of  oven  control  voltage 
controlled  crystal  oscillator  (OCVCXO) 
(or  Rubidium  standard) . 

D.  Redundancy  of  2:1  sources  (3  clocks) 

E.  Comparing  and  aligning  the  three 
sources  outputs,  combining  and 
distributing  them  to  the  various  users. 

F.  An  automatic  master  change-over  when 
one  source  malfunctions  or  out  of 
phase  (Majority  vote). 

G.  Audible  and  visual  Real  time  alarm 
indications . 

H.  Inner  and  outer  battery  backup  for  the 
whole  system. 
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General  Description 

The  primary  purpose  of  the  TF-3100A  is  to 
generate  and  distribute  a  high  precision, 
loH-noise,  redundant,  standard  frequency 
signals,  time  display  and  time  code. 

The  system  can  provide  the  following 
signals : 

♦  up  to  50  5MHz  isolated  sinusoidal 

outputs . 

♦  up  to  50  1MHz  isolated  sinusoidal 

outputs . 

*  IRIG-B  time  code  output. 

*  1 pps  (1  pulse  per  second)  output. 

These  signals  are  traceable  to  the. UTC  by 
means  of  the  frequency  and  time  signals 
transmitted  by  the  NAVSTAR  Global 
positioning  System  (GPS)  satellites.  The 
GPS  signals  are  received  by  a  GPS 
receiver,  (Kinemetrics,  Model  GPS-DC) 
capable  of  automatically  tracking  up  to 
four  satellites.  The  signals,  provided  by 
the  GPS  receiver,  have  excellent  long¬ 
term-stability  (traceable  to  the  UTC),  but 
high  jitter  and  poor  short-term-stabi 1 ity 
(STS)  which  is  caused  by  the  transmission 
from  satellites  to  the  receiver.  Another 
problem  is  that  when  satellites  are  not  in 
view,  the  receiver  provides  the  signals 
from  it's  own  inner  TCXO  (precision  of 
tlppm) .  In  order  to  prevent  this  unstable 
signal  from  getting  into  the  synchronous 
clocks,  TF101A  (see  figure  1)  the  receiver 
was  specially  designed  in  such  a  way  that 
it's  output  signals  are  automatically  cut¬ 
off  while  "unlock"  situation  occurs. 
TF-101A  will  automatically  change  over  to 
"Free  run"  mode,  when  input  signal  does 
not  exist  and  the  system  output  will  stay 
stable  (10  11 /day). 

To  provide  stable  and  highly-rel iable , 
uninterruptible  signals,  the  TF-3100A  uses 
3  redundant  disciplined  ovenized  quartz 
frequency  sources  (or  Rubidium  frequency 
standard).  These  are  installed  in  the  3 
synchronous  clocks  (TF101A)  which  are 
locked  to  the  GPS  signals,  by  means  of 
software  and  unique  algorithm  that  filter 
the  jitter  and  short-term  instabilities. 

Advanced  signal  processing  techniques  are 
used  to  evaluate  the  quality  of  the 
signals  provided  by  the  frequency  sources. 
The  system  optimally  combines  in-phase 
(chosen  by  the  majority)  the  output 
signals  of  the  operational  sources  with 
6db  amplitude  difference  in  accordance 
with  predetermined  priorities.  Figures  2 
and  3  are  the  schematic  drawings  of  the 
phase  aligner  &  switch  module  (PSAM)  and 
the  combiner  amplifier  module  (CAM). 


accuracy  of  1/16  unit  interval  (CCITT 
Rec.GSII  compatible)  and  aligns  the  phase 
of  the  other  inputs  with  reference  to  the 
Master  input  signal.  An  algorithm  is  used 
to  choose  the  Master  input  (in  case  it  is 
not  supplied  by  the  next  module  CAM). 

If  an  input  malfunctions  or  an  external 
alarm  is  received  or  it  is  not  possible  to 
correct  the  phase,  the  PASM  will 
automatically  cut-off  that  channel. 
(Channels  may  be  connected  or  cut-off 
manually  by  push  buttons  on  the  front 
panel  of  TF-3007A-Distribution  Amplifier 
System ) . 

The  three  "in-phase"  signals  are  fed  into 
the  CAM  which  consists  of  two  main 
sect  ions : 

The  first  section  combines  the  three  input 
signals  according  to  a  given  priority  into 
a  single  output  with  continuous  amplitude 
and  phase.  The  second  section,  amplifies 
and  distributes  the  output  from  the 
combiner,  and  provides  two  groups  of  4 
preamplified  outputs  (with  isolation 
between  outputs  of  more  than  lOOdb).  In 
addition,  the  module  includes  logic 
circuits  (microprocessor)  that  indicates 
which  of  the  signals  present  is  treated  as 
"Master". 

Warning  is  given  if  there  is  a  malfunction 
in  the  combiner,  or  an  input  signal  is 
missing.  In  such  cases  the  output  is 
taken  from  one  of  the  other  two  standby 
inputs,  with  no  dead  time,  phase  jump  or 
amplitude  change  at  change  over (CCITT 
Rec.G811 ) . 

The  CAM  outputs  are  fed  into  the 
Distribution  Amplifier  modules  (DAM)  that 
devides  the  input  signal  into  8  outputs 
isolated  by  more  than  lOOdb,  1 2dbm  of 
power  each. 

This  technique  ensures  high  quality, 
continuously  available  signals  even  under 
fault  conditions,  with  excellent  long  term 
(UTC)  and  short  term  stability,  and  a  very 
low  jitter. 

Figure  4  shows  two  of  the  TF-101A 
(synchronous  clock)  outputs  offset  from 
TFL's  software  clock  (ensemble  of  Cesium 
clocks)  during  31  days.  The  average  offset 
obtained  is  ±1-10‘,J  while  they  were 
tracking  the  GPS  output.  Figure  5  shows 
the  time  interval  error  of  one  TF-101A. 
The  time  error  is  700  nsec  after  30  days 
(2.7-10  1 5 ) . 


The  PASM  tests  for  phase  errors  and  jumps 
in  the  three  inputs  signals  of  the  same 
frequency.  It  corrects  phase  errors  to  an 
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lCosbined  graph  of  clocks: 
32:  101  -4 
34:  101-5 
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^wo  TF-101A  Synchronous  Clocks  fraquancy  offset 
fros  TFT. ' s  soft wars  clock,  during  31  days 
tracking  ths  GPS  receiver. 
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Fig.  5:  Tiaa  interval  error  of  TF- 1 01 A  Synchronous  Clock, 

tracking  GPS  receiver's  5  KHz  output,  30  days  period 
aeasuraaant.  TFL’ a  software  clock  -  as  reference. 
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A  RUBIDIUM  FREQUENCY  STANDARD  AND  A  GPS  RECEIVER:  A  REMOTELY 
STEERED  CLOCK  SYSTEM  WITH  GOOD  SHORT-TERM  AND  LONG -TERM  STABILITY 

by 

David  W.  Allan  and  Judah  Levine 
Time  and  Frequency  Division 
National  Institute  of  Standards  and  Technology 
Boulder,  CO  80303 


Abstract 

The  short-term  stability  of  a  rubidium  gas-cell 
frequency  standard  is  usually  better  than  that  of  commercial 
cesium-beam  frequency  standards.  In  the  short-term 
stability  region  (from  a  few  seconds  to  several  thousand 
seconds)  and  for  the  specific  value  a  (x  =  100  s),  the 
range  of  shop^term  stabilities  for  rubidium  is  from^bout 
4  to  10  x  10  ,  and  for  cesium  about  6  to  30  x  10  .In 

the  short-term,  the  stability  improvement  for  rubidium  and 
cesium  is  proportional  to  x'^.  Cesium  almost  always  has 
better  stability  in  the  long-term  because  cesium  has  less 
sensitivity  to  environmental  perturbations.  For  example, 
cesium  has  little  or  no  frequency  drift,  whereas  rubidium 
usually  does.  Improving  a  clock’s  environment  invariably 
improves  the  long-term  performance,  especially  in  the  case 
of  rubidium. 

Satellite  time  transfer  shows  a  day-to-day  stability 
of  about  a  nanosecond.  The  spectrum  of  the  fluctuations 
implies  that  oy(x)  should  decrease  as  x"1.  If  a  rubidium 
standard,  in  a  good  environment  with  the  above 
performance  in  the  short-term,  were  married  to  a  satellite 
time-transfer  system,  then  the  combined  performance  of  the 
system  could  have  better  short-term  and  better  long-term 
stability  than  a  stand-alone,  free-running,  commercial 
cesium  standard. 

We  have  taken  some  data  to  test  this  idea.  The 
conclusions  confirm  the  hypothesis.  We  have  also  replaced 
the  rubidium  oscillator  with  a  quartz  oscillator  and  with  a 
high-performance  commercial  cesium  standard.  In  both 
cases  the  system  had  significantly  improved  long-term 
stability  over  what  otherwise  would  be  obtainable  from 
either  oscillator  by  itself. 

Introduction 

Most  commercial  rubidium  frequency  standards 
have  better  short-term  frequency  stability  than  commercial 
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cesium-beam  frequency  standards,  where  short-term  implies 
averaging  times  (x)  up  to  a  few  thousand  seconds.  Placing 
a  rubidium  standard  in  a  good  environment  usually  extends 
its  short-term  stability  to  longer  x  values  (of  the  order  of 
a  day).  For  x  longer  than  a  day,  the  opposite  is  most 
often  true;  that  is,  cesium  is  better  than  rubidium  in  the 
long-term. 

The  measurement  noise  of  transferring  time  and 
frequency  to  a  remote  location  using  the  Global  Positioning 
System  (GPS)  common-view  (C-V)  technique  can  reach 
Oy(x  =  1  day)  values  approaching  1  x  10"^,  where 
Oy(x)  is  the  square-root  of  the  two-sample  or  Allan 
variance.fi]  Therefore,  an  environmentally  controlled 
rubidium  standard,  together  with  a  GPS  lime  transfer 
receiver,  has  the  potential  for  the  following  advantages 
(taken  as  a  system): 

1)  For  a  lesser  cost,  both  the  short  and  the  long¬ 
term  stability  can  be  better  than  that  of  a 
commercial  cesium  standard; 

2)  in  the  long-term  the  system  can  reflect  the 
stabilities  of  some  of  the  best  time  and  frequency 
standards  in  the  world,  in  that  it  can  be  both 
syntonized  and  synchronized  to  a  primary 
reference; 

3)  the  system  can  be  made  fully  automatic; 

4)  the  system  can  remove  the  usual  frequency 
accuracy  limitation  of  rubidium  including  the 
frequency  drift-allowing  the  system  to  be  as 
accurate  as  the  reference  standard;  and 

5)  the  system  can  remove  the  usual  time  accuracy 
limitation  of  either  cesium  or  rubidium-allowing 
the  system  to  be  synchronized  to  within  a  few 
nanoseconds  of  the  reference  standard. 

Some  of  the  disadvantages  arc: 

1)  The  system’s  feedback  is  by  a  daily  telephone 
call  between  the  system  and  the  reference 
standard  used  in  the  GPS  common-view  (GPS  C- 
V)  mode;  and 

2)  the  rubidium  standard  needs  a  good 
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environment  to  achieve  the  desired  intermediate 
stability  goals. 


Figure  1  is  a  sketch  of  the  GPS-common-view,  remote-clock 
servo  concept.  Figure  2  shows  some  more  detail  for  the 
remote  clock  at  site  B.  We  assume  that  the  clock  at  site  A 
has  good  long-term  stability.  One  of  our  goals  is  to 
transfer  the  long-term  stability  of  clock  A  to  the  clock  at 
site  B  with  the  time  transfer  capability  of  GPS  C-V.  The 
theory  we  used  for  designing  a  digital  servo  for  this  system 
is  based  on  a  thesis  of  Alain  Guetrot  f2J.  The  essential 
concept  of  his  thesis  is  that  if  the  measurement  noise 
spectrum,  S^(f),  can  be  represented  as 

- fP 

and  the  signal  spectrum,  S<j(f),  as 

ss(o  ~  fp'2, 

then  an  exponential  filter  is  optimum  for  obtaining  the  best 
signal-to-noise  ratio.  Here  f)  is  typically  an  integer 
between  3  and  -5.  What  is  measured,  of  course,  is  signal 
plus  noise.  If  the  measurements  are  a  discret  time  series 
then  a  practicle  realization  of  an  exponential  filter  is  the 
following, 


faj-1  + 


(1) 


where  k  is  proportional  to  the  exponential  filter  time 
constant,  Zj  j  is  the  last  best  estimate,  2-  is  the  current 
measurement  (signal  plus  noise)  and  z-  is  the  current  best 
estimate  of  the  signal,  that  is,  the  true  difference  of  clock 
A  compared  to  B. 


We  assume  flicker  noise  time  or  phase  modulation 
(PM)  for  the  measurement  noise  (GPS  C-V)  and  flicker 
noise  frequency  modulation  (FM)  for  the  long-term  stability 
of  the  remote  clock.  This  model,  which  satisfies  the 
assumption  in  Guetrot’s  analysis,  was  tested  and  was  found 
to  be  reasonable  for  the  set  of  common-view  data  we 
analyzed  and  for  the  kinds  of  clocks  we  may  use  at  A 
and/or  B  (quartz,  rubidium,  cesium  and/or  hydrogen 
frequency  standards)  for  selected  regions  of  sample  times, 
t,  as  determined  from  a  o^(t)  diagram. 

We  assume  clock  B  has  frequency  drift,  so  that 
the  time  prediction  equation  can  be  written  as 


i(f)  -  oc(f-x)  +  y(t-x)  ■  x  +  ViD(t-x) 


where  x(t-x),  y(t-x)  and  D(t-t)  are  the  best  estimates  of 


Figure  1.  A  schematic  diagram  showing  how  to  provide 
accurate  and  stable  time  and  frequency  at  a  remote  site. 
If  the  clock  at  site  B  is  a  rubidium  gas-cell  frequency 
standard  in  a  good  environment,  and  given  the  levels  of 
GPS  common-view  measurement  noise,  the  net  output  can 
be  that  time  and  frequency  at  the  remote  site  is  better  in 
long-term  as  well  as  in  short-term  than  that  from  a 
commercial  cesium  standard  by  itself. 


At  Station  B 


Figure  2.  A  block  diagram  of  the  GPS  common-view  time 
transfer  receiver  combined  with  a  clock  at  site  B.  The 
system  achieves  better  short-term  and  long-term,  time-and- 
frequency  stability  than  would  be  available  from  a 
commercial  cesium  standard  by  itself. 
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the  time  offset,  the  normalized  frequency  offset  and  the 
normalized  frequency  drift  of  the  remote  clock  at  the  last 
measurement,  and  x  is  the  prediction  interval.  In  our  case, 
the  prediction  interval  was  usually  one  sidereal  day  -  using 
a  single  satellite  in  the  GPS  C-V  mode.  For  a  general 
prediction  interval  t  =  ntQ,  where  ■  1  sidereal  day, 
we  may  write  the  best  estimate  of  the  exponential  time 
difference  as 

X(t)  -  ( kxx(t )  +  n  Ax)/(kx  +  n),  (3) 


where  1^  is  proportional  to  the  exponential  filter  time 
constant  for  the  best  time  difference  estimate,  n  gives 
more  weight  to  the  measurement  to  compensate  for  flicker 
FM  in  the  clock  where  the  rms  time  error  of  prediction  is 
proportional  to  n,  and  Ax  is  the  measured  common-view 
time  difference  between  clock  B  and  clock  A.  The 
exponential  filtered  drift  is 

D(t )  -  tv>(f-T)  +  mkD  +D,  (4) 

A 

where  D  is  the  drift  estimated  over  the  last  two 
measurement  intervals,  and  is  given  by 


x(t)  -  jc(r-x)  *('-0  '  *('-*-*- 1) 


(5) 


where  x_j  is  the  measurement  interval  before  the  last  one. 
The  normalized  frequency  offset  estimate  is  given  by 

y(t)  -  \ky[y(t-x)  +  D(t)  ■  T]  +  mmy  +  1), 

(6) 

where  ky  is  proportional  to  the  exponential  filter  time 
constant  for  the  best  normalized  frequency  offset  estimate, 
and 

y(t)  -  x(t)  "  +  VzD(t)  ■  x.  (7) 

x 

The  1^,  ky  and  kp  parameters  are  functions  of 
•Cq,  the  measurement  noise  type  and  level  and  the  noise 
type  and  level  of  the  clocks  at  A  and  B.  The  parameters 


can  be  optimized  through  simulation  or  with  real  data.  We 
used  the  tatter.  The  above  recursive  equations  assume  t 
is  the  time  since  the  last  measurement.  The  measurement 
intervals  need  not  be  equal. 


erimental  Results 


The  rubidium  frequency  standard  used  for  the 
experiment  was  an  engineering  development  model  for  the 
GPS  program.  It  was  placed  in  vacuum  with  a  temperature 
controlled  environment  so  that  variations  were  less  than 
0.1°C.  The  quartz  oscillator  frequency  standard  was  a 
special  one  designed  for  short-term  and  long-term  stability. 
It  was  also  placed  in  a  special  environment  |3|. 


A  plot  of  the  free-running  fractional  frequency  of 
the  rubidium  is  shown  in  Figure  3a  and  its  frequency 
stability  is  plotted  in  Figure  3b.  If  a  frequency  drift  is 
subtracted,  the  spectrum  for  the  long-term  stability  is 
reasonably  modeled  by  flicker  FM.  Figure  4  shows  a  plot 
of  the  frequency  stability  of  the  quartz  oscillator.  A 
frequency  drift  has  been  subtracted  from  the  quartz  data 
before  plotting  the  stability.  The  nominal  v  behavior 
corresponding  to  flicker  FM  is  apparent.  The  frequency 
stability  of  the  GPS  C-V  measurement  noise  is  plotted  in 
Figure  5,  and  the  t"*  behavior  is  indicitivc  of  flicker  noise 
PM.  Hence,  we  see  that  the  assumptions  need  for  the 
Guctrot  thesis  are  satisfied. 


The  two  GPS  receivers  were  colocated  for 
convenience  in  checking  the  truth  of  the  hypothesis. 
Colocating  the  receivers  will  cause  a  cancellation  of  the 
broadcast  ephemeris  errors,  ionospheric  delay  errors  and 
tropospheric  delay  errors  as  well.  Errors  due  to  multipath 
effects  and  to  the  receivers  will  remain  about  the  same  for 
long-baseline  separations  between  the  clocks.  Therefore, 
the  experimental  results  obtained  in  this  paper  may  tend  to 
give  better  stabilities  than  would  be  obtained  where  there 
is  a  large  distance  between  clocks  A  and  B.  However, 
similar  levels  of  GPS  C-V  measurement  noise  are  often 
achieved  over  long  baselines  if  several  satellites  arc  used 
and  the  data  are  properly  combined,  weighted  and  filtered 

(Mi- 

Figures  6  and  7  are  plots  of  the  predicted  values 
minus  the  measured  values  ($(t)  -  Ax)  for  rubidium  and  the 
quartz,  respectively,  using  the  GPS  C-V  servo  illustrated  in 
Figures  1  and  2.  The  errors  between  the  times  of  the 
measurements  will  usually  be  smaller  than  the  errors 
plotted.  There  was  a  several  day  break  in  the  continuity  of 
the  data  between  MJD  47615  and  47621  as  can  be  seen  ir. 
Figures  6  and  7.  Before  this  break,  there  were  a  few  days 
for  the  servo  parameters  to  initialize.  This  initialization 
allowed  for  a  reasonable  prediction  across  this  break  in 
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data  continuity.  We  can  ieam  two  important  things  from 
this  fortuitous  break  in  data  continuity.  First,  we  can  see 
the  ability  of  the  system  to  predict  time  over  several  days; 
and  second,  we  can  see  the  transient  response  of  the  system 
as  it  re-acquires  the  daily  signal. 

Figures  8  and  9  are  plots  of  the  frequency 
stabilities  of  the  errors  plotted  in  Figures  6  and  7  for 
rubidium  and  quartz,  respectively.  We  see  that  after  only 
a  few  days  of  integration,  this  system  has  the  capacity  to 
track  the  best  primary  frequency  standards  in  the  world. 

Figures  10  and  11  are  the  corresponding  time 
stability  plots  where  the  time  stability,  ox(t),  is  defined  as 
T*modo v(t)/^3.  [5,6]  For  rubidium  (Figure  10)  the 
system  stability  for  single  one-day  measurements  is  within 
10  ns  (rms)  of  clock  A.  And  again,  for  times  between  the 
measurement  times,  the  stabilities  will  usually  be  less  than 
this  number.  If  we  average  the  time  readings  for  a  few 
days,  we  can  approach  a  nanosecond  of  time  stability.  The 
average  value  for  the  data  in  Figure  6  is  0.05  ns.  There 
will  typically  be  biases  of  a  few  nanoseconds  in  the  GPS  C- 
V  measurement  technique;  hence,  the  time  accuracy  cannot 
be  better  than  these  biases. 

The  corresponding  single  one-day  measurement 
stability  number  for  the  quartz  oscillator  stability  plotted  in 
Figure  11  is  75  ns  (rms).  We  see,  in  this  case,  that  we  have 
to  average  for  very  long  periods  to  approach  a  time  stability 
level  of  1  ns.  That  one  can  reach  these  levels  at  all  with  a 
quartz  oscillator  in  the  system  is  impressive.  The  mean 
value  for  the  time  errors  plotted  in  Figure  7  was  0.5  ns. 
Again,  please  note  that  biases  in  the  system  will  limit  the 
time  accuracy  to  a  few  nanoseconds. 

We  tested  the  system  with  a  high-performance, 
commercial,  cesium-beam  frequency  standard  as  the  clock 
at  site  B  and  observed  long-term  improvements.  The 
improvements  were  not  nearly  so  dramatic  as  for  the  above 
data  for  rubidium  and  quartz.  The  main  benefits  for  using 
cesium  in  the  system  is  to  keep  the  time  at  site  B 
synchronized.  The  cost  effectiveness  for  such  a  system  is 
obviously  better  with  rubidium  and  quartz  kept  in  a  good 
environment. 

Methods  of  Implementation 

This  servo  could  be  implemented  in  several 
different  ways.  The  outputs  of  the  model  could  be  used  as 
a  "paper"  time  or  frequency  output.  This  is  simple  to 
implement  but  has  the  disadvantage  that  electrical  output 
of  the  oscillator  does  not  directly  reflect  the  improvement 
in  performance  produced  by  the  servo.  This  disadvantage 
may  be  overcome  by  using  the  model  parameters  to  drive 


a  microstepper  or  other  similar  device  to  produce  a 
continuously  corrected  output  A  small  computer  would  be 
required  to  control  the  microstepper  and  to  cope  with 
missing  data. 


Another  novel  alternative  is  to  provide  an  input 
to  the  system  from  an  unknown  clock  a  user  may  wish  to 
calibrate.  The  system  would  measure  the  time  and 
frequency  difference  between  the  clock  being  calibrated  and 
the  clock,  which  is  part  of  the  system  at  B.  The  system,  at 
anytime,  has  the  information  for  the  best  estimate  of  the 
time  and  frequency  difference  between  clocks  A  and  B. 
Hence,  the  system  could  straight  forwardly  calculate  the 
optimum  estimate  of  the  clock  being  calibrated  against  the 
reference  clock  at  site  A.  This  information  could  be 
provided  as  a  real-time  read  out  of  the  system  and  would 
be  more  precise  and  accurate  than  that  obtainable  from  a 
steared  micro-phase  stepper. 

The  designer  can  vary  parameters  k^,  ky  and  kj-j 
so  as  to  optimize  the  transient  response  of  the  servo  or  its 
rms  offset  error  (but  not  both  simultaneously).  Likewise, 
the  threshold  for  rejecting  a  measurement  must  be  chosen 
as  a  compromise  between  detecting  time  or  frequency  steps 
and  providing  immunity  to  glitches. 

The  values  of  the  parameters  chosen  for  the  data 
presented  in  this  paper  were  1^  =  25,  ky  =  1  and  kD  = 
0.2  for  rubidium  and  k^  =  20,  k  =  0  and  k^  =  0.2  for 
quartz.  These  values  were  cnosen  to  obtain  a  best 
transient  response  rather  than  optimizing  steady-state 
stability.  From  the  results  obtained,  this  choice  caused 
little  degradation  in  the  steady-state  performance. 

The  time  transfer  system  need  not  be  the  GPS  C- 

V  method.  Any  system,  which  would  allow  the  time 
difference  comparison  of  clocks  remote  from  each  other  at 
the  few  nanoseconds  level,  could  be  made  to  provide 
comparable  results  as  those  reported  in  this  paper.  In 
addition,  the  performance  of  the  system  when  using  GPS  C- 

V  is  unaffected  by  GPS  selective  availability  (SA)  if  only 
clock  dither  is  turned  on  (no  degradation  of  the  satellite 
broadcast  ephemeris).  If,  however,  GPS  SA  were  fully 
implemented,  including  the  degradation  of  the  broadcast 
satellite  ephemeris,  then  some  of  this  degradation  would 
not  be  canceled  in  the  GPS  C-V  approach.  The  amount  of 
increased  measurement  noise  is  a  function  of  the  baseline 
between  the  clocks  and  the  level  of  SA. 

We  are  currently  studying  more  complex 
algorithms  in  which  the  k^,  ky  and  kp  parameters  are 
adjusted  dynamically  in  response  to  changing  conditions. 
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EDM  GPS  Rb  -  NISTCATJ) 
FREQUENCY  MJD  4 7 60S  -  47675 
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Figure  3a.  A  plot  of  the  normalized  frequency  output  of  an  engineering-development-model,  rubidium-gas-cell  frequency 
standard.  This  EDM  standard  was  prepared  as  part  of  a  GPS  program. 
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3b.  A  plot  of  the  frequency  stability  of  the  data  plotted  in  Figure  3a  with  no  frequency  drift  removed.  The  long-term 
stability  is  limited  by  the  drift:  Oy(x)  =  fD/\/2. 
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Figure  4.  A  plot  of  frequency  stability  for  a  special  quartz  oscillator  frequency  standard  placed  in  a  good  environment. 
A  frequency  drift  was  subtracted  from  the  data  before  calculating  the  frequency  stability  as  plotted. 


GPS  C-V  MEASUREMENT  NOISE  with  SINGLE  SATELLITE 
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Figure  5.  The  frequency  stability  measurement  noise  for  the  GPS  common-view  system  used  for  providing  time  and 
frequency  at  a  remote  site. 
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RESIDUALS  OE  RB  GPS  COMMON-VIEW  SERVO 
TIME  (ns)  MJD  47610  -  47675 


DAYCMJD) 

Figure  6.  A  plot  of  the  predicted  time  values  minus  the  measured  values  for  a  rubidium-gas-cell  frequency  standard  in  a 
good  environment  at  site  B. 
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Figure  7.  A  plot  of  the  predicted  time  values  minus  the  measured  values  for  a  quartz-crystal  oscillator  in  a  good 
environment  at  site  B. 
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Figure  8.  A  plot  of  the  frequency  stability  of  the  errors  plotted  in  Figure  6. 
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Figure  9.  A  plot  of  the  frequency  stability  of  the  errors  plotted  in  Figure  7. 
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Figure  10.  A  plot  of  the  time  stability  of  the  errors  plotted  in  Figure  6. 
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Figure  11.  A  plot  of  the  time  stability  of  the  errors  plotted  in  Figure  7. 
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Abstract : 

lhis  paper  describes  a  novel  application 
of  sapphire  Bulk  Acoustic  Wave  (BAW)  microwave 
delay  lines  to  provide  built  in  test  that 
measures  both  phase  and  amplitude  noise 
sidebands  for  radar  stability  calculations. 
Stability  measurements  using  a  IS  microsecond 
sapphire  BAW  delay  line  have  been  made  on  3 
GHz  Moving  larget  Indicator  (Mil)  radars  t ha t 
support  6S  dH  clutter  cancellation.  Prior  to 
this  study  one  would  have  thought  that  a  delay 
larger  ttian  IS  ps  was  required  to  include 
the  SIAIO  noise  contribution  to  stability. 
Analysis  of  the  IS  microsecond  decorre lat ion 
of  the  associated  13S  dBc/H/  SIAIO  noise 
shows  that  this  technique  for  measuring  radar 
system  stability  produces  a  SIAIO  noise 
contribution  that  is  only  1.2  dB  less  than 
independent  CW  measurements  made  on  the  double 
sideband  SIAIO  noise. 

1.  Introduction 

Mil  radars  require  excellent  stability  to 
accomplish  high  clutter  (undesired  terrain 
return)  cancellation  performance.  Measuring 
this  stability  is  a  < umbersome  and  difficult 
task;  therefore,  a  technique  suitable  for 
built  in  testing  that  accurately  measures  the 
system  instabilities  is  a  highly  sought  after 
f  eature . 

Ihe  radar  stability  measurement  is 
difficult  because:  (1)  the  high  peak 
transmitter  power  disrupts  receiver 
performance,  and  (?)  the  Stable  local 
Oscillator  (SIAIO)  noise  is  range  dependent 
and  thus  a  microwave  frequency  delay  is 
required  in  the  test  configuration  so  that  the 
SIAIO  noise  does  not  cancel.  A  sapphire  BAW 
delay  line  solves  these  problems  by  providing 
the  proper  microwave  delay.  With  this 
microwave  delay,  all  noise  of  the  radar  can  be 
considered,  including  the  transmitter  and  the 
elusive  range  dependent  SIAIO  noise.  Ihe 
delay  must  be  longer  than  the  transmit  time  to 
eliminate  the  transmitter  to  receiver 
interference  problem.  A  stability  measurement 
must  consider  all  potential  unstable  areas  in 
the  radar,  especially  these  two  since  they  are 
the  most  likely  areas  to  produce  instabilities. 

CH28 18- 3/90/0000- 161  $1,000  1990  IEEE 


Ihe  largest  available  BAW  delay  line  from 
industry  is  IS  ps  Ihe  large  insertion  loss 
and  maximum  power  handling  capability  of  the 
BAW  delay  line  prevent  the  use  of  IS  ps 
units  much  above  4  CH/;  therefore,  smaller 
delays  must  be  used  at  higher  frequencies  to 
maintain  manageable  losses.  1  tie  thin  film 
transducers  on  the  BAW  delay  lines  are  power 
limited  and  the  bulk  acoustic  material  tends 
to  saturate  or  cause  dispersion  when  driven 
much  above  a  few  walls  of  peak  input  power. 
Ihus,  one  cannot  raise  the  input  power  to  make 
up  for  the  high  insertion  loss.  However,  at 

I.  Band  and  S  Band  the  IS  ps  BAW  delay  line 
provides  an  adequate  delay  with  acceptable 
insertion  loss  for  testing  Mil  radar  stability 
in  the  bS  riB  range. 

II.  Stability  Measuring  Implementation 

Stability  of  a  radar  is  the  ratio  of  the 
total  double  sideband  integrated  spectral 
energy  about  the  carrier,  limited  by  the  radar 
filters  and  further  modified  by  the  range 
factor,  to  the  carrier  power.  Stability  is 
usually  expressed  in  dB. 
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FIG.l  MTI  RADAR  CONFIGURATION 
FOR  STABILITY  TESTING 


figure  1  shows  the  stability  test 
configuration  A  sample  of  the  attenuated 
transmitter  output  signal  is  coupled  through 
the  BAW  delay  line  to  the  low  noise  amplifier 
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of  the  radar  receiver.  Ideally  this  is  done 
on  an  off-line  channel  where  the  receiver  and 
transmitter  are  switched  to  dummy  loads.  If 
an  off-line  channel  is  not  available,  the 
radar  is  normally  taken  off-line  for  this 
measurement  which  eliminates  the  problem  of 
returns  from  nearby  real-life  clutter  that 
could  contaminate  the  stability  measurement. 
The  radar  A/0  outputs  with  and  without  MTI 
filtering  are  then  compared  for  a  measure  of 
the  system  stability.  The  former  yields  the 
noise  spectrum  power,  the  latter  measures  the 
carrier  plus  noise  power  spectrum.  The  A/D 
output  may  also  be  sent  to  a  buffer,  then  to  a 
OFT,  not  only  for  a  measure  of  stability,  but 
for  a  display  of  the  signal's  spectrum. 


30  MHz  CENTER  FREQ 


III.  STALO  Oelav 

The  STALO  is  the  only  hardware  in  the 
radar  whose  noise  or  instabilities  are 
inherently  range  dependent.  This  occurs 
because  of  the  coherent  detection  feature  of 
the  radar  and  takes  place  at  the  first 
down-converter  in  the  receiver.  Since  the 
bulk  of  the  STALO  noise  is  frequency  and  phase 
modulation,  the  noise  on  the  STALO  signal  and 
the  STALO -deri ved  transmit  signal  are 
identical.  With  no  delay  for  either  of  these 
two  signals,  all  noise  energy  on  these  two 
signals  will  cancel  at  the  first 
down-conversion  in  the  receiver,  thus 
producing  a  noise-free  IF  signal.  But  in  real 
radar  performance  all  live  targets  are  delayed 
(12.34  us/nmi);  therefore,  STALO  noise 
always  appears. 

The  effects  of  STALO  noise  have  been 
demonstrated  in  the  laboratory.  The  IF  signal 
including  STALO  noise  of  a  laboratory  CW  model 
radar  is  shown  in  Figure  2  with  a  15  us 
delay  line  in  the  transmit-receive  path  as 
shown  in  Figure  1.  The  15  us  delay  produces 
nulls  every  (1/15)  x  106Hz  (66.6  kHz)  due  to 
cyclic  360°  phase  differences  in  the  two  noise 
sidebands  at  the  receiver  first  down 
converter.  Therefore,  nulls  occur  in  the 
noise  energy  sidebands  at  the  IF  due  to 
in-phase  sideband  noise  from  the  two  signals, 
the  same  as  if  the  delay  was  zero.  The  noise 
frequencies  at  33.3  kHz  will  be  180°  out  of 
phase  thus  adding  coherently  (6  d8)  to  the 
total  noise  voltage.  This  repeating  of 
in-phase  and  out-of-phase  noise  addition 
creates  the  noise  sideband  lobes  in  the  CW 
signal  shown  in  Figure  2.  The  discrete 
sidebands  on  the  third  lobe  on  both  sides  of 
the  carrier  result  from  an  injected  166.6  kHz 
modulation  signal  for  reference  only.  If  the 
microwave  delay  of  one  signal  is  changed  from 
15  us  to  infinity  to  create  total 
decorrelation,  then  the  noise  sideband  power 
in  both  signals  add  to  give  a  3  d8  increase  in 
double  sideband  energy  at  the  radar  IF. 
However  if  zero  delay  exists  between  the  two 
signals  the  resultant  sideband  noise  energy  is 
cancelled  completely. 


FIG  2  DECORRELATION  OF  STALO 
NOISE  IN  A  CW  LAB  RADAR 


IV.  STALO  Decorrelation 

The  relationship  between  decorrelation 
and  delay  is  given  by  the  spectral 
characteristic  of  the  range -dependent 
(decorrelation)  filter  below  [1],  which  is 
plotted  in  Figure  3  for  selected  values  of 
delay. 
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FIG.  3  DECORRELATION  vs  DELAY 


Decorrelation 

in  dB  -  10  log  [4  sin2  (tt  fr  Tj)] 
where: 

fm  -  Modulation  Frequency  (Hz) 

T (j  -  Time  Delay  -  2  R/c  (seconds) 

R  -  Range  (meters) 

c  =  Propagation  Velocity  (3  x  10^  m/sec) 
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Notice  the  small  decorrelation  at  the  low 
frequencies  (close  to  the  carrier).  As  delay 
increases,  the  decorrelation  of  the  Identical 
noise  sidebands  on  the  two  STALO-derived 
signals  at  the  first  down-converter  in  the 
receiver  increases  until  at  infinite  delay  the 
low  frequency  curve  takes  on  the  same  cyclic 
form  as  the  high  frequency  curve,  resulting  In 
maximum  decorrelation.  This  produces  an  RMS 
addition  of  the  two  sideband  energies  for  a  3 
dB  Increase  in  the  double  sideband  power  at 
the  IF  as  opposed  to  total  cancellation  of 
sideband  noise  with  z e^  delay. 
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FIG  4  TYPICAL  STALO  NOISE 


A  typical  STALO  double  sideband  noise 
curve  with  noise  decreasing  to  the  -135  dBc/Hz 
level,  is  shown  in  Figure  4.  Since  STALO 
noise  power  distribution  asymptotically 
increases  at  low  frequencies  close  to  the 
carrier,  and  delay  decorrelation  decreases  as 
frequency  decreases,  one  may  ask  If  a  15  us 
delay  is  large  enough  to  produce  acceptable 
and  accurate  results  in  a  stability  test. 
Section  V  answers  this  question  in  the 
affirmative. 

V.  15  us  Delay  Measurement  Accuracy 

The  sideband  noise  power  density  spectrum 
that  is  to  be  measured  is  affected  by  all 
frequency  shaping  components  from  the  IF 
filter  through  the  MTI  filter;  therefore,  the 
calculation  of  the  STALO  sideband  noise  power 
must  include  the  effects  of  these  filters  to 
evaluate  the  accuracy  of  the  radar  stability 
measurement  using  a  15  us  delay. 

Figure  5  shows  that  the  IF  filter 
provides  the  high-frequency  cutoff  and  the 
composite  velocity  response  provides  the 
low-frequency  cutoff.  The  noise  spectrum  of 
the  S1AL0  in  Figure  4  is  shaped  by  these 
filters  to  produce  the  top  curve  in  Figure  6. 
This  is  the  total  double  sideband  STALO  noise 
power  seen  by  the  radar  and  the  Integrated 
energy  is  -75  dBc.  This  is  the  radar 
stability  limitation  Imposed  by  the  STALO, 
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FREQUENCY  in  10‘(x)  Hz 

FIG.  5  RADAR  FILTERS  &  15  uS  DELAY 


independent  of  range.  However  this  limitation 
varies  with  the  Range  Factor  as  discussed  in 
Section  III.  The  standard  method  of 
presenting  STALO  stability  limitation  does  not 
Include  this  range  factor,  but  it  appears  in 
real-life  radar  operation. 

The  amount  of  STALO  noise  that  is  visible 
in  a  15  us  delay  radar  stability  test,  is 
determined  by  modifying  this  -75  dBc  noise 
curve  by  the  15  us  range  factor  curve  shown 
in  Figure  5.  The  resulting  spectrum  is  shown 
as  the  lower  curve  in  Figure  6.  The 
integrated  energy  is  now  -76.2  dBc  and  is  the 
total  STALO  spectral  energy  seen  by  the  radar 
with  a  15  us  delay.  The  Introduction  of  the 
range-dependent  filter  introduces  a  total 
integrated  energy  difference  of  only  1.2  dB. 


FREQUENCY  in  10*(x>  Hz 


FIG.  6  STALO  NOISE  MODIFIED  BY  RADAR 


Thus  an  accurate  system  stability  test  can  be 
made  with  a  15  us  delay  because  the  STALO 
noise  contribution  is  within  1.2  dB  of  the 
measurement  made  in  the  laboratory  on  the 
STALO  noise  alone  using  conventional 
laboratory  noise  test  equipment.  The 
laboratory  measurements  are,  of  course,  made 
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early  in  the  design  phase  to  predict  the 
stabi 1 ity  value. 


V 1 .  Cone  I  us  ion 

Ihe  use  of  the  sapphire  Bulk  Acoustic 
Delay  line  as  a  practical  tool  for  testing 
radar  stability  is  now  a  proven  technology  and 
a  15  ps  delay  line  is  being  incorporated 
into  the  built  in  test  equipment  (Blit)  on  a 
large  family  of  S  Band  ground  based  Mil 
radars.  Radar  stability  measurements  in  the 
65  dB  range  have  been  made  that  include  the 
SIAIO  noise  contribution  to  within  i.2  d8  of 
that  predicted  by  independent  CM  SIAIO  noise 
measurements . 
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Abstract 

The  frequency  vs.  temperature  characteristic  of  a 
quartz  crystal  resonator  does  not  repeat  exactly  upon 
temperature  cycling,  i.e.,  resonators  exhibit  "thermal 
hysteresis.”  This  paper  reviews  the  subject  of  thermal 
hysteresis.  The  subject  has  been  studied  only  sporadically 
untii  recently.  A  search  of  the  literature  has  revealed  only 
about  a  dozen  Frequency  Control  Symposium  papers,  a 
couple  of  contract  reports,  and  a  few  other  papers  that  deal 
with  the  subject.  Books  dealing  with  oscillators  either  do 
not  mention  the  subject  at  all,  or  devote  only  a  few 
sentences  to  the  phenomenon. 

The  causes  of  hysteresis  are  not  well  understood.  The 
evidence  to  date  is  inconclusive.  The  mechanisms  that 
cause  hysteresis  include:  contamination  redistribution, 
strain  changes,  changes  in  the  quartz,  oscillator  circuitry 
hysteresis,  and  apparent  hysteresis  due  to  thermal 
gradients. 

Introduction 

With  the  advent  of  the  microcomputer  compensated 
crystal  oscillator  (MCXO),  thermal  hysteresis  has  become 
the  dominant  factor  limiting  the  stability  achievable  with 
temperature  compensated  oscillators.  Since  the  next 
largest  limiting  factor  is  orders  of  magnitude  smaller  than 
hysteresis,  future  improvements  in  MCXO  stability  depend 
primarily  on  reducing  the  hysteresis.  Similarly,  as  sensor 
technology  has  improved,  hysteresis  has  become  a  limiting 
factor  in  the  accuracies  achievable  with  quartz  resonator 
sensors. 

The  purpose  of  this  paper  is  to  review  the  subject  of 
thermal  hysteresis.  The  subject  has  been  studied  only 
sporadically  until  recently.  A  search  of  the  literature  has 
revealed  only  about  a  dozen  Frequency  Control 
Symposium  papers,1  ^  9-  u'15  a  couple  of  Army  contract 
reports,16- 18  and  a  few  other  papers19'23  that  deal  with  the 
subject.  Books  dealing  with  oscillators  either  do  not 
mention  the  subject  at  all,  or  devote  only  a  few  sentences 
to  the  phenomenon. 

An  ideal  quartz  crystal  resonator’s  frequency  vs. 
temperature  characteristic  can  be  described  by  a 
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single-valued  function.  Frequency  can  then  be  uniquely 
determined  from  knowing  the  temperature.  In 
"real-world”  resonators,  however,  the  frequency  vs. 
temperature  characteristic  does  not  repeat  exactly  upon 
temperature  cycling. 

The  lack  of  frequency  vs.  temperature  (f  vs.  T) 
repeatability  has  been  referred  to  at  various  times  as 
"retrace,"  "hysteresis,"  "restart,"  and  "thermal  memory." 
No  formal  definitions  existed  before  the  advent  of 
MIL-O-553 IOB,  the  military  specification  for  crystal 
oscillators.24  MIL-O-553 10B  defines  "retrace"  and 
"hysteresis."  It  distinguishes  between  the  two  terms  by 
defining  "retrace"  as  the  nonrcpcatability  of  the  f  vs.  T 
characteristic,  at  a  fixed  temperature,  upon  on-off  cycling 
an  oscillator  under  specified  conditions,  and  "hysteresis" 
as  the  maximum  value  of  the  nonrcpcatability  in  the  f  vs. 
T  characteristics  during  a  temperature  cycle,  i.e.,  as  the 
difference  between  the  up-cycle  and  the  down-cycle  f  vs. 
T  characteristics  at  the  temperature  where  that  difference 
is  maximum.  Hysteresis  is  determined  during  a  complete 
quasistatic  temperature  cycle  between  the  specified 
temperature  limits.  "Quasistatic"  means  that  the 
temperature  is  changed  in  such  a  manner  as  to  ensure  that 
the  frequency  offsets  due  to  thermal  gradients  are  much 
smaller  than  the  specified  f  vs.  T  stability,  including 
hysteresis. 

"Retrace"  is  usually  applied  to  specifying  oven 
controlled  crystal  oscillators  (OCXO),  whereas  "hysteresis" 
is  usually  applied  to  specifying  temperature  compensated 
crystal  oscillators  (TCXO).  Fig.  1  illustrates  TCXO 
hysteresis;  Fig.  2  illustrates  OCXO  retrace. 
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Figure  2.  OCXO  Retrace 
A  Review  of  the  Literature 


The  following  summarizes  the  literature  on  hysteresis. 
Included  are  three  papers  that  deal  with  frequency  vs. 
pressure  hysteresis,  as  these  may  possibly  have  relevance 
to  frequency  vs.  temperature  hysteresis. 

Early  researchers  who  studied  the  stabilization  and 
startup  of  precision  ovenized  resonators  noted  that,  when 
the  oven  was  turned  off  after  stabilization  and  turned  on 
at  a  later  ime,  the  frequency  after  restabilization  at  the 
original  temperature  was  slightly  different  from  the 
resonator’s  frequency  just  before  oven  shutdown,25  as  is 
illustrated  in  Fig.  2.  According  to  Sykes,26  et  al.,  "This 
frequency  shift  has  been  attributed  to  sorption  of  minute 
quantities  of  gas  on  the  crystal  surface  during  an  oven  or 
oscillator  shutdown."  Also  recognized  as  sources  of 
instabilities  during  stabilization  were  "relaxation  of  strain, 
or  defects  in  the  quartz  itself." 

The  "Union  Thermoelectric  Handbook"  mentioned 
hysteresis  as  follows:16  "Temperature  changes  can  result 
in  mechanical  changes  within  the  unit.  For  example,  the 
mounting  supports  and  bonding  material  may  be  altered 
more  or  less  permanently  by  a  change  in  temperature, 
resulting  in  a  difference  in  the  stress  applied  to  the  quartz 
plate.  Some  of  the  apparent  hysteresis  phenomenon  [sic] 
have  this  origin." 

Hammond  et  al.  reported  the  first  (and,  until  recently, 
the  only)  in-depth  studies  of  hysteresis.1'  19-  20  Their 
research  was  aimed  at  improving  the  performance  of  an 
LC-cut  resonator  that  had  been  developed  for  a  quartz 
thermometer.  Although  the  resonators  were  cycled  over 
various  temperature  ranges  between  +250°C  and  -200°C, 
the  "hysteresis"  was  reported  as  the  frequency  shift  at  0°C 
only  (due  to  the  high  temperature  coefficient  of  the  LC-cut 
and  the  difficulty  of  obtaining  accurate  enough 
temperature  measurements  at  other  temperatures.)  Fig.  3 
shows  the  hysteresis  of  an  LC-cut. 

Hammond  et  al.  observed  that:  1)  the  fundamental¬ 
mode  and  third  overtone  c-modes  exhibited  nearly 
identical  hysteresis,  while  the  fundamental  b-  and  a-modes 


exhibited  a  smaller  hysteresis  than  the  c-modes;  2) 
identically  fabricated  AT-cuts  showed  a  five  times  smaller 
hysteresis  than  the  LC-cuts  and  the  hysteresis  of  the 
AT-cut  was  of  opposite  sign;  3)  there  was  no  systematic 
variation  of  hysteresis  with  electrode  material  or  electrode 
thickness  -  the  electrodes  tried  included  both  higher-  and 
lower-lhan-quartz  thermal  expansion  coefficient  materials, 
and  ductile  as  well  as  stiff  materials;  4)  there  was  no 
systematic  variation  of  hysteresis  with  mounting  type, 
stiffness,  and  rotation  of  the  mounting  orientation  by  90°, 
or  with  the  amplitude-of-vibration  distribution;  beveled 
plano-plano  fundamental-mode  resonators,  contoured 
fundamental-mode  resonators  and  third  overtone  resonators 
showed  the  same  hysteresis;  5)  there  was  no  systematic 
variation  of  hysteresis  with  quartz  type  or  concentration  of 
defects  -  natural  quartz,  cultured  quartz,  optical  grade 
cultured  quartz,  and  swept  quartz  were  tried;  6)  there  was 
no  correlation  with  X-ray  induced  frequency  changes;  7) 
there  was  a  systematic  variation  of  hysteresis  with  angle 
of  cut  in  rotated  Y-cuts  -  a  change  of  sign  of  the 
hysteresis  effect  was  found  at  0  =  32°;  and  8)  although 
contamination  in  the  resonator  enclosure  could  aggravate 
the  hysteresis,  when  proper  contamination  control 
measures  were  applied  during  processing,  the  remaining 
hysteresis  was  not  related  to  contamination. 


Hammond  et  al.1  concluded  that  "all  the  experiments 
to  date  indicate  that  the  hysteresis  effect  in  the  quartz 
thermometer  must  be  a  property  of  crystalline  quartz. 
However,  it  is  not  clear  whether  it  is  an  intrinsic  property 
of  quartz  or  attributable  to  a  defect  structure.  The 
variability  from  resonator  to  resonator  and  from 
observation  to  observation  would  infer  a  defect  structure." 
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In  a  slightly  later  paper,19  however,  the  authors  state  that 
hysteresis  is  "related  to  the  differential  expansion  between 
the  quartz  plate  and  the  thin  film,  as  well  as  micro 
contamination  [sic]  within  the  crystal  holder." 

In  1970,  Dick  and  Silver2  showed  the  result  for  a 
single  fundamental-mode  5  MHz  crystal,  the  f  vs.  T 
characteristic  of  which  repeated  to  3  X  10'8  for  one  cycle 
between  -40°C  and  +80°C. 

Buroker  and  Frcrking3  developed  a  digitally 
compensated  TCXO  the  f  vs.  T  stability  of  which  was 
±  5  X  10  8  from  -40°C  to  +80°C.  In  the  conclusion  of 
their  report,  however,  they  stated  that,  the  "technique  is 
capable  of  even  greater  stabilities,  but  even  ±  5  X  10  8 
cannot  be  maintained  in  practical  environments  due  to 
thermal  hysteresis  in  crystals  and  other  components." 

Mroch  and  Hykes4, 17  evaluated  a  variety  of  purchased 
4.5  MHz  fundamental-mode  AT-cut  crystal  units  in 
connection  with  the  development  of  a  high  stability 
TCXO.  They  found  that  the  retrace  at  the  lower 
turnover  point  varied  from  3  ppm  to  less  than  1  X 
10‘9.  "with  no  correlation  from  lot  to  lot  or  vendor,"  and 
that  "...few  of  the  crystals  received  met  the  ±3  X  10  8 
retrace  [sic]  requirement"  of  the  research  program.  They 
also  found  that  the  hysteresis  was  "dependent  on  the 
highest  temperature  to  which  the  crystal  had  been  recently 
exposed,"  it  was  maximum  at  the  low  temperature  limit  of 
the  temperature  cycle,  as  is  illustrated  in  Fig.  4,  and,  after 
30  minute  exposures  to  100°C,  hysteresis  was  a  function 
of  storage  time  at  room  temperature.  The  ceramic 
capacitors  used  as  bypass  capacitors  were  identified  as 
potential  sources  of  TCXO  hysteresis. 
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Figure  4.  Hysteresis  Effects  in  the  Frequency-Temperature 
Charateristic  of  4-MHz  TCXO 

FOrstcr5  measured  the  hysteresis  of  AT-  and  SC-cut  10 
MHz  3rd  overtone  crystal  units  in  HC-27/U  glass 
enclosures,  "from  three  German  manufacturers."  He  found 
that  "With  nearly  all  the  test  specimens  it  is  striking  that 
quite  large  hysteresis  values  are  obtained  in  the  first  cycle. 
The  reproducibilities  of  the  second  and  third  cycles  is  in 
general  excellent.-.namely  ±  1  X  10’8.  In  the  first  up  run 
a  'calming  phase’  evidently  sets  in."  He  concluded  that 
the  hysteresis  of  "...SC-cut  crystals  measured  were  not 


vastly  superior  to  those  of  AT-cut  specimens,"  and  that 
"The  frequency  stability  attainable  with  digitally 
temperature-compensated  quartz  crystal  oscillators  is 
limited  to  around  ..±1  X  10'7  solely  by  the  thermal 
hysteresis  of  the  crystal  resonators." 

Vig  et  al.6  measured  nine  ceramic  fiatpack  enclosed 
four-  point-mounted  SC-cut  crystal  units  and  two  similarly 
fabricated  AT-cut  control  units,  then  compared  the 
hysteresis  at  the  lower  turnover  temperatures.  The 
worst-case  hysteresis  of  the  SC-cut  units  was  8.5  X  10  8. 
The  AT-cuts  were  about  10  times  worse.  The  hysteresis 
was  measured  during  two  complete  cycles  between  -45°C 
and  +75°C. 

Kaitz7  and  Kusters  and  Kaitz8  studied  the  frequency 
vs.  pressure  hysteresis  of  BT-cut  pressure  transducer 
resonators.  Kaitz  found  that  "Hysteresis.. .increases 
con  lerably  as  temperature  and  pressure  are  increased," 
and  extensively  cycling"  the  transducers,  which  "relaxes 
the  residual  stresses  incurred  during  processing  of  the 
unit,"  improved  hysteresis  "in  almost  all  instances.. .up  to 
50%."  Kusters  and  Kaitz  found  a  correlation  between 
pressure  hysteresis  and  the  quartz  material,  and  between 
the  temperature  of  worst  pressure  hysteresis  and  the  quartz 
material.  Unswept  natural  quartz  showed  the  lowest 
hysteresis.  Sweeping  natural  quartz  increased  the 
hysteresis.  Pure  Z-growth  material  showed  a  hysteresis 
similar  to  that  of  swept  natural  quartz.  The  highest 
hysteresis  was  found  when  X-growlh  material  was  used. 
Anomalously  high  hysteresis  in  some  "X-growth" 
transducers  was  traced  to  the  fact  that  the  transducers 
"were  found  to  contain  regions  of  Z-growth  material  and 
clearly  defined  X-Z  growth  boundaries."  No  correlation 
was  found  between  inclusion  density  and  hysteresis. 

Ueda  et  al.9  reported  that  when  a  tuning  fork 
thermometer  resonator  was  made  relatively  stress  free  by 
making  a  "narrow  neck  between  the  resonator  support  and 
vibrating  beams  to  further  reduce  the  stress  transmitted 
from  the  support  to  the  vibrating  beams...,"  the  hysteresis, 
when  cycled  between  4.2°K  and  0°C,  was  reduced  by  a 
factor  of  two  at  4.2°K  and  a  factor  of  three  at  0°C,  when 
compared  to  the  conventional  tuning  fork,  and,  at  0°C,  it 
was  "one  tenth  that  of  thickness  shear-mode  resonator." 
No  details  are  provided  with  respect  to  the  number  of 
units  tested  or  the  type  of  thickness  shear  resonator  that 
was  used  for  the  comparison. 

Tuladhar,  et  al.21  studied  the  hysteresis  of  5  and  10 
MHz  AT-cut  resonators  with  gold  electrodes  and  with 
silver  electrodes.  Their  conclusions  were  that:  "Hysteresis 
at  the  lower  turn-over-  temperature  is  higher  than  that  at 
the  upper  turn-over-  temperature.. .Hysteresis  for  gold 
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electroded  crystals  is  considerably  worse  than  that  for 
silver  electroded  crystals...Crystals  having  a  double 
adjusting  layer  show  greater  hysteresis  than  those  with  a 
single  layer." 

Ward  and  EcrNisse10  found  a  conflation  between 
pressure  hysteresis  and  quartz  material,  as  did  Kusters  and 
Kaitz.  Transducers  made  of  pure  Z-growth  cultured  quartz 
exhibited  higher  hysteresis  than  those  made  from  natural 
quartz. 

Tartakovskii22  analyzed  the  results  of  Hammor.d  ct  al. 
and  of  U.S.S.R.  researchers  Varfolomeeva  et  al.  (reference 
2  of  Tartakovskii22).  He  states  that  "...by  taking  into 
account  the  two  different  manifestations  of  thermal  inertia 
in  a  piezoelectric  element  it  is  possible  to  explain  all 
experimental  results"  of  Hammond  et  al.  One 
manifestation  of  "thermal  inertia"  is  "the  lag  of  the 
average  temperature  T  in  the  piezoelectric  element  behind 
that  of  the  medium  Tm  by  AT,,"  and  the  other  is  the 
"difference  AT2  in  temperatures  at  the  edge  and  the  center 
of  a  piezoelectric  clement  creates  in  the  central  region  of 
the  plate  compressive  stresses..."  which  produce  a 
frequency  shift  that  is  a  function  of  the  plate’s  angles  of 
cut  and  mounting  orientation.  He  also  explains  the  AT-cut 
hysteresis  results  of  Varfolomeeva  et  al.  by  showing  that 
the  results  arc  consistent  with  frequency  changes  to  be 
expected  from  "a  change  of  the  mechanical  stresses  in  the 
ring  of  silver  paste"  that  was  used  to  bond  the  mounting 
clips  to  the  quartz  plate.  His  "calculated  results  showed 
why  a  simple  turn  in  the  direction  of  the  ring  towards  the 
axis  Z'  (i.e.,  a  shift  from  'P  =  45°  to  'P  =  75°)  caused  a 
sharp  reduction  of  frequency  hysteresis  following  a 
temperature  treatment..." 

Bcaussicr23  drew  a  similarity  between  mechanical 
hysteresis  and  thermal  hysteresis  and  concluded  that  "the 
phenomenon  of  non-linear  elasticity  in  the  presence  of 
crystalline  faults,  and  in  particular  moving  dislocations 
appear  to  be  the  cause.”  He  further  reported  that 
continued  thermal  cycling,  after  proper  selection  of  the 
quartz  itself,  reduces  thermal  hysteresis.  Beaussicr 
reported  the  development  of  a  model  which  explained 
observed  experimental  data  where:  Af/f  =  K,,  (AT)2  where 
K,,  equals  0.5  X  10',o/°C2  for  SC-cuts.  and  1.5  X  10' 
’TC2  for  AT-cuts. 

Filler1 1  analyzed  TCXO  thermal  hysteresis  and 
showed  that  thermal  lag  between  the  resonator  and  the 
TCXO's  thermometer  is  a  major  contributor  to  the 
observed  TCXO  hysteresis.  He  developed  a  model  "that 
accounts  for  both  the  normally-encountered  and  anomalous 
thermal  hysteresis.  This  model  can  separate  apparent 
hysteresis  from  ’true  hysteresis’."  He  'howed  that  "the 


inherent  hysteresis  of  the  resonator  is  much  lower  than 
that  of  the  TCXO  and  has  a  different  temperature 
dependence,"  and  that  "thermal  hysteresis  is  independent 
of  rate  of  change  of  temperature,  when  thermal  lag  is 
accounted  for...” 

Symonds  and  Wacker18  encountered  excessive  f  vs.  T 
hysteresis  during  the  initial  stages  of  a  TCXO 
development  program.  They  attempted  to  vary  the  design 
and  fabrication  of  the  (10  MHz  fundamental-mode  AT- 
cut)  resonators  in  order  to  reduce  the  hysteresis.  The 
results  to  date  indicate  that  the  resonator’s  mounting  plays 
an  important  role  in  the  observed  hysteresis.  When  the 
stiffness  of  the  mounting  clips  and  the  bonding  areas  of 
four-point  mounted  resonators  were  reduced  significantly, 
the  average  hysteresis  was  reduced  from  0.64  ±0.35  ppm 
to  0.20  ±0.07  ppm. 

Filler  and  Vig12  developed  dual-mode  SC-cut 
resonators  for  microcomputer  compensated  crystal 
oscillators  (MCXO).  They,  together  with  Schodowski,13 
showed  that  when  the  dual-mode  self-  temperature  sensing 
method13  is  used  as  the  "thermometer"  during  f  vs.  T 
measurements,  the  effects  of  thermal  gradients  can  be 
made  negligible  even  when  the  temperature  is  changed 
rapidly.  In  the  self-temperature  sensing  method,  the 
fundamental-mode  and  third  overtone  c-mode  frequencies 
are  excited  simultaneously.  The  frequencies  of  these 
c-modes  are  measured  vs.  a  thcrmometric  beat  frequency 
that  is  derived  from  the  two  c-modcs.  The  resonator  acts 
as  its  own  thermometer,  no  external  thermometer  is 
needed. 

Filler  and  Vig  applied  the  dual-mode  self-temperature 
sensing  method  to  measuring  the  hysteresis  of  10  MHz/3.3 
MHz  dual-mode  SC-cut  resonators  in  a  -55°C  and  +85°C 
temperature  range.  "The  measured  hysteresis  ranged  from 
parts  in  109  for  the  best  units,  to  about  2  X  10  ®  for  the 
typical  'good'  unit,  to  several  parts  in  108  for  the  ’bad’ 
units.”  Filler14  continued  these  hysteresis  studies  and 
showed  that  for  10  MHz  3rd  overtone  SC-cut  resonators 
obtained  from  four  manufacturers:  1)  hysteresis  varies 
with  temperature  excursion,  but  for  a  given  temperature 
cycle,  the  hysteresis  repeats,  2)  hysteresis  is  not  always 
worse  at  low  temperatures,  3)  resonator  manufacturing  lots 
exhibit  "signatures,"  i.e.,  resonators  within  a  lot  showed 
similar  hysteresis  characteristics,  but  the  characteristics 
varied  significantly  from  lot  to  lot,  and  4)  a  factor  of  two 
change  in  drive  current  did  not  affect  the  hysteresis. 

Filler,  Messina  and  Rosati15  studied  the  performance, 
including  hysteresis,  of  microcomputer  compensated 
crystal  oscillators  (MCXO)  that  used  dual-mode  SC-cut 
resonators  similar  to  those  developed  by  Filler  and  Vig.12 
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Hysteresis  of  the  seven  MCXO's  evaluated  ranged  from 
±5  X  10  9  to  ±4  X  10  8. 

Benjaminson27  investigated  circuit  contributions  to 
oscillator  hysteresis.  He  analyzed  the  effects  of  hysteresis 
in  the  most  critical  components  of  a  dual-mode  crystal 
oscillator  (for  use  in  a  MCXO).  One  oscillator  of  the  pair 
was  a  10  MHz  3rd  overtone  bridge  oscillator,  the  other  a 
3.4  MHz  fundamental-mode  impedance-inverting  Colpitis 
oscillator.  He  found  that  a  1%  change  in  the  tuned 
circuit  inductance  of  the  bridge  oscillator  changed  the 
frequency  of  oscillation  by  1  X  10'8,  while  a  similar 
variation  in  the  Pl-nctwork  inductance  of  the  Colpitts 
oscillator  caused  a  change  of  7  X  10  8.  Since  both 
oscillators  arc  series  resonant  circuits,  additional  tests  were 
performed  in  order  to  isolate  the  effects  of  circuit 
component  hysteresis  from  crystal  hysteresis,  by  replacing 
the  crystal  with  fixed  resistors  in  each  oscillator,  enabling 
operation  as  L-C  oscillators  at  the  nominal  operating 
frequencies. 

Hysteresis  measured  during  cycling  between  -55°C 
and  +85°C  was  typically  less  than  50  ppm,  which 
translated  to  a  contribution  less  than  1  X  10  10  f  vs.  T 
hysteresis  in  the  10  MHz.  oscillator  (when  operating  as  a 
crystal  oscillator)  and  less  than  6  X  10  10  hysteresis  in  the 
3.4  MHz.  crystal  oscillator. 

The  low  hysteresis  effects  demonstrated  by  the  L-C 
components  were  achieved  by  careful  analysis  to  select  the 
most  stable  inductors  and  capacitors  available  and  equally 
careful  circuit  analysis  to  minimize  frequency  pulling  by 
the  reactances.  To  accomplish  this,  the  bridge  oscillator 
was  designed  with  as  wide  an  L-C  bandwidth  as  b-modc 
rejection  permitted;  b-mode  traps  per  se,  were  avoided 
because  their  pulling  effects  arc  much  worse. 

The  impedance-inverting  Colpitts  oscillator  was 
designed  with  the  lowest  possible  reactance  values.  This 
was  limited  by  restrictions  on  transistor  current 
consumption.  Higher  current  operation  can  provide  higher 
transconductancc,  permitting  lower  reactance  with  a 
consequent  reduction  in  frequency  pulling.  An  added 
benefit.  p;trticularly  in  the  low  resistance  fundamental- 
mode  oscillator,  was  produced  by  the  lower  equivalent 
scries  resistance  of  small,  high  Q  inductors  that  reduce 
loaded  Q  degradation  and  further  minimize  pulling  due  to 
reactance  changes. 

Hysteresis  Mechanisms 

So  what  causes  hysteresis?  Since  the  evidence  report¬ 
ed  to  dale  is  inconclusive,  we  will  discuss  the  various 
mechanisms  that  can  possibly  cause  the  phenomenon. 


Contamination  Redistribution  -  Adsorption -desorption 
phenomena  can  cause  hysteresis  if,  during  temperature 
cycling,  contamination  inside  the  resonator  enclosure  is 
redistributed  so  as  to  change  the  mass  loading  on  the 
active  area  of  the  resonator.  Sykes,  et  a).28  stated  that  "A 
study  of  the  stabilization  characteristics  of  precision 
oscillators  following  interruptions  of  oscillation  lead  to  the 
conclusion  that  residual  contamination  within  the  crystal 
unit  enclosure  is  the  most  likely  cause  of  frequency 
change  during  the  first  several  days  of  operation  after  an 
interruption."  Armstrong,  et  al.29  showed  that  the  retrace 
of  "clean"  5  MHz  thermocompression-bonded, 
high-temperature  processed  resonators  was  superior  to  that 
of  similar  but  solder-bonded  resonators.  Hammond,  et  al.1 
stated  that  "with  inadequate  vacuum  baking  or  inadequate 
cleaning  of  the  crystal  mounts,  header,  or  can,  the 
hysteresis  effect  can  be  aggravated.  However.  ...the 
remaining  hysteresis  effects  are  not  related  to 
contamination.” 

When  one  examines  precision  resonators’  hysteresis 
curves,  it  is  difficult  to  sec  evidence  that  contamination 
transfer  is  a  significant  factor.  Desorption  rates  generally 
have  an  exponential  dependence  on  temperature. 
Therefore,  if  adsorption-desorption  phenomena  played  a 
major  role,  then  hysteresis  would  show  a  strong  tempera¬ 
ture  dependence,  which  has  not  been  reported.  When 
surfaces  are  heated  to  produce  a  uniformly  rising 
temperature,  desorption  (of  a  single  adsorbent)  occurs  in 
a  narrow  temperature  interval,  with  a  pronounced  peak.30 
The  temperature  of  maximum  desorption  rate  is  a  function 
of  desorption  energy,  and  is  often  used  to  investigate  the 
interaction  of  gases  with  metal  surfaces.  The 
characteristic  "moisture  dip"  observed  when  resonator 
enclosures  contain  water  vapor  is  a  manifestation  of 
adsorption  and  desorption  occurring  in  a  narrow 
temperature  range.  In  order  for  contamination  transfer  to 
explain  the  observed  hysteresis,  a  variety  of  contaminant 
molecules,  with  an  appropriate  range  of  adsorption 
energies,  would  need  to  be  present  in  the  resonator 
enclosure. 

Ideally,  in  order  to  eliminate  adsorption-desorption  as 
a  hysteresis  mechanism,  the  electrodes  should  cither  be 
highly  active  or  inert.  In  the  first  case,  all  the 
contamination  would  be  permanently  adsorbed  (i.e..  the 
contaminant’s  lifetime  on  the  surface  would  be  infinite). 
In  the  second  case,  none  of  it  would  be  adsorbed  (i.e.,  the 
contaminants'  lifetime  would  be  zero).  In  real  resonators, 
however,  the  contaminants'  lifetimes  on  surfaces  are  finite. 
The  lifetimes  depend  on  the  surfaces,  contaminant 
molecules  and  temperatures. 

Hysteresis  in  isothermal  adsorption-desorption  (as  a 
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function  of  gas  pressure)  has  been  reported,  e.g.,  during 
the  adsorption  and  desorption  of  water  on  the  gold 
electrodes  of  quartz  crystal  resonators.31  Such  hysteresis, 
being  a  small  perturbation  of  a  small  effect,  is  probably  a 
negligible  second-order  effect  in  f  vs.  T  hysteresis. 

Strain  Changes  -  It  is  well  known  that  changes  in  the 
stresses  on  a  resonator  plate  can  produce  frequency  shifts. 
The  stresses  experienced  by  resonators  include  mounting 
stresses  (via  the  force-frequency  effect32, 33  and  bending 
effects34),  bonding  stresses,35  and  electrode  stresses.36  It 
is  clear  that  temperature  cycling  can  produce  changes  in 
these  stresses,  and  can,  thereby,  result  in  hysteresis. 

If  the  mounting  clips  were  perfectly  elastic,  or 
perfectly  soft,  then  they  would  not  contribute  to  hysteresis. 
If,  however,  the  clips  undergo  stress  relief  during 
temperature  cycling,  then  hysteresis  can  result.  The 
magnitude  of  the  hysteresis  produced  by  a  given  amount 
of  stress  relief  is  a  function  of  the  orientation  of  the 
mounting  clips  with  respect  to  the  crystallographic  axes  of 
the  quartz  plate,32  and  the  types  of  stresses. 

For  in-plane  diametric  forces,  the  force-frequency 
coefficient  Kj  vs.  azimuth  angle  'F  have  been  found  to 
have  zeroes  for  all  the  commonly  used  cuts,  such  as  the 
AT-  and  SC-cuts.32  Therefore,  one  might  conclude  that 
hysteresis  due  to  stress  relief  in  the  mounting  clips  can  be 
eliminated  by  mounting  the  crystals  where  Kf  =  0. 
Unfortunately,  it  is  not  possible  to  completely  eliminate 
the  effects  of  mounting  stresses  in  conventional  resonators 
for  the  following  reasons.  First,  the  azimuthal  angles 
where  Kf  =  0  are  functions  of  temperature,33  so  that  there 
is  no  VF  where  Kf  =  0  over  the  whole  temperature  range 
of  a  TCXO  or  MCXO.  Second,  the  *P  where  the  effects 
of  bonding  stresses  are  zero  is  different  from  the  T7  where 
Kf  =  0.  at  least  for  the  AT-cut,  the  only  cut  for  which 
bonding  stress  effects  have  been  reported.35  Third,  the 
forces  due  to  the  mounting  clips  are  generally  not  purely 
in-plane  diametric  forces.  This  is  especially  true  for  three 
and  four-point  mounted  resonators  because,  since  the 
thermal  expansion  coefficient  of  quartz  is  anisotropic 
whereas  that  of  the  typical  package  base  is  isotropic,  the 
forces  due  to  temperature  cycling  will  have  tangential 
components.  Similarly,  for  two-point  mounted  resonators, 
the  base’s  change  of  dimensions  during  temperature 
cycling  will  apply  shear-type  forces  in  addition  to  the 
in-plane  diametric  forces. 

Theoretically,  properly  mounting  the  quartz  resonator 
plate  on  an  identically  oriented  quartz  plate,  as  is 
attempted  in  BVA  resonators,37  ought  to  greatly  reduce 
the  hysteresis  due  to  stress  relief  in  the  mounting  structure. 
Our  literature  search  did  not  reveal  evidence  that  BVA 


resonators  exhibit  hysteresis  or  retrace  that  is  superior  to 
those  found  in  high  quality  conventional  resonators. 

For  an  example  of  the  frequency  changes  that  can  be 
caused  by  stress  relief,  consider  a  5  MHz  3rd  overtone,  14 
mm  diameter  resonator.  If  one  were  to  intentionally 
mount  this  resonator  at  the  *F  where  Kf  is  maximum,  then 
the  frequency  shifts  due  to  changes  in  the  in-plane 
diametric  forces  would  be  2.9  X  10‘8  per  gram  for  an 
AT-cut  resonator,  and  1.7  X  10‘8  per  gram  for  an  SC-cut 
resonator38  (where  "per  gram”  refers  to  the  force  due  to  a 
one  gram  weight,  on  earth). 

The  effects  of  electrode  stress  relief  can  be  minimized 
by  using  the  SC-cut,36  or  by  not  having  electrodes  in 
contact  with  the  active  area  of  the  resonator,  as  can  be 
done  with  BVA-type  resonators,37  and,  to  a  lesser  extent, 
with  lateral  field  resonators.39  Everything  else  being 
equal,  using  a  single  metal  (e.g.,  Au)  as  opposed  to  two  or 
more  metals  (e.g.,  Cr-Au,  Ti-Pd-Au)  is  also  likely  to 
produce  lesser  stress  relief  effects  because  using  two  or 
more  metals  introduces  additional  interfaces  where  stress 
relief  and  diffusion  can  occur. 

Changes  in  the  Quartz  -  Changes  in  the  quartz  due  to 
the  stresses  induced  by  temperature  cycling  are  among 
the  conceivable  causes  of  hysteresis,  although  no  direct 
evidence  of  such  changes  could  be  uncovered  in  the 
literature.  Perfect  quartz  would  not  be  expected  to  be 
affected  by  temperature  cycling.  The  imperfections  that 
are  subject  to  change  include  surface  defects,  dislocations, 
impurities,  inclusions,  and  twins. 

Surface  defects,  such  as  the  microcracks  produced  by 
lapping,  can  change  upon  temperature  cycling,40  however, 
by  properly  etching  the  surfaces41  subsequent  to 
mechanical  treatment,  the  possibility  of  changes  can  be 
greatly  reduced  or  eliminated. 

That  dislocation  motion  due  to  temperature  cycling  is 
a  factor  in  hysteresis  is  unlikely  at  the  typical  TCXO 
temperatures.  Even  in  sweeping  experiments42  which  are 
usually  conducted  far  above  the  normal  operating 
temperatures  of  oscillators,  no  evidence  of  dislocation 
motion  has  been  reported.  The  energy  needed  to  anneal 
quartz  damage  due  to  neutron  irradiation  may  be  a  clue  to 
the  energies  needed  to  move  dislocations.  When  quartz  is 
irradiated  with  fast  neutrons,  displacement  damage  occurs. 
At  high  doses,  the  quartz  gradually  becomes  disordered 
into  an  amorphous  form.  Annealing  studies  on  neutron 
damaged  quartz  indicate  that  the  annealing  temperature  of 
quartz  is  above  the  inversion  temperature.  ^5  The 
activation  energy  for  structure  annealing  is  0.75  eV.43 


170 


It  takes  a  great  deal  less  energy,  however,  to  move 
impurities  in  quartz  to  new  lattice  sites.  Impurity  motion 
due  to  temperature  cycling  is,  therefore,  a  more  probable 
hysteresis  mechanism  than  dislocation  motion.  It  is 
possible  to  induce  impurity  dependent  effects,  at  ’'normal" 
temperatures.  For  example,  some  radiation-  induced  effects 
can  anneal,46  low  DC  voltages  produce  changes  in  the 
aging  rates  of  resonators,47  and  sweeping  can  be  produced 
at  room  temperature  (=23°C)  when  25  V/mm  is  applied  to 
a  quartz  bar.48  Kusters  49  observed  that  when  a  500V/mm 
DC  field  was  applied  to  a  doubly  rotated  quartz  plate  at 
80°C,  the  frequency  shift  decayed  with  a  time  constant  of 
7  seconds.  Moreover,  there  is  evidence  in  the  literature 
that  strain  gradients  due  to  ultrasonic  vibrations  can 
produce  changes  in  quartz  properties,  probably  due  to  the 
motion  of  impurities  down  the  gradients.50 

Recent  experimental  evidence  developed  at  Hewlett- 
Packard  seems  to  support  material  defects  being  a 
significant  mechanism.  In  two  experimental  groups  of  38 
LC-cuts  each  (see  Hammond1),  significant  differences 
were  observed  which  correlate  with  the  quartz  material. 
All  fabrication  processes  other  than  the  material  were 
identical.  Optical  grade  quartz  was  irradiated  to  show  the 
presence  of  defect  centers.  LC-cuts  made  from  darkened 
areas  of  the  quartz  formed  the  first  group.  LC-cuts  from 
totally  clear  areas  formed  the  second  group.  As  shown  in 
Figure  5,  Group  1  had  a  total  yield  of  34%  with  a  high 
percentage  of  dead  units  and  hysteresis  rejects.  Group  2 
had  a  total  yield  of  84%  with  no  hysteresis  rejects.  These 
crystals  are  operated  on  the  end  of  a  1/2  wave  cable. 
Dead  units  are  those  for  which  the  effective  motional 
resistance  becomes  so  high  at  a  particular  temperature  that 
the  oscillator  stops. 
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Figure  5.  Quartz  Thermometer  Crystals,  28.2  MHz,  3rd 
Overtone.  Group  1:  Darkened  Quartz,  Yield 
34%;  Group  2:  Clear  Quartz,  Yield  84% 


Darkened  Quartz  Clear  Quartz 


In  a  continuation  of  the  work  reported  in  Kusters  and 
Kaitz,8  normal  sweeping  was  done  on  one  group  of  natural 
quartz  specimens,  and  extended  sweeping  done  on  a 
second  group.  All  other  processing  parameters  were 
identical.  Sweeping  was  continued  on  the  second  group 
until  the  indicated  ion  current  became  stable  and  remained 
constant  for  at  least  48  hours.  Resistance  data  of  finished 
pressure  transducer  resonators  are  shown  in  Figures  6  and 
7.  There  is  a  sharp  difference  of  the  measured  motional 
resistance.  There  is  also  a  sharp  difference  in  the  overall 
yield.  Group  1  (Figure  6)  has  at  present  a  maximum  yield 
of  67%.  Group  2  (Figure  7)  has  at  present  a  100%  yield. 
Final  testing  is  not  yet  complete  but  the  trend  is 
significant. 
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TEMPERATURE  IN  DECREES  C. 

Figure  6.  Quartz  Pressure  Transducer  Resonator  Resistance 
Readings,  Standard  Electrodiffusion  Sweeping 
(5  MHz,  3rd  Overtone,  BT-Cuts) 


TEMPERATURE  IN  DECREES  C- 

Figure  7.  Quartz  Pressure  Transducer  Resonator  Resistance 
Readings,  Enhanced  Electrodiffusion  Sweeping 
(5  MHz,  3rd  Overtone,  BT-Culs) 

Experimentally,  in  quartz  LC-cuts  and  in  the  quartz 
pressure  transducer  resonators,  the  hysteresis  decreases  as 
a  result  of  continued  thermal  cycling  thus  confirming  the 
observations  of  Beaussier  that  improved  hysteresis 
performance  can  result  from  thermal  cycling. 


Twins  in  a  quartz  plate  can  change  under  the  influence 
of  (high)  stresses.  For  example,  when  a  sufficiently  high 
stress  is  applied  (0.5  GPa),  it  is  even  possible  to  switch  a 
single-domain  crystal  to  a  single  domain  of  opposite 
polarity.  The  removal  of  the  stress  leads  to  a  complete 
restoration  of  the  original  orientation.  The  stress-strain 
relations  in  a  "ferrobielastic"  material  such  as  quartz  can 
show  hysteresis  due  to  ferrobielastic  switching  resulting 
from  Dauphin^  twin  formation.51  Twinning  phenomena, 
however,  are  unlikely  to  be  a  significant  hysteresis 
mechanism  because  resonators  that  contain  (macroscopic) 
twins  would  be  rejected  during  the  usual  inspection  and 
testing  procedures,  because  changes  in  twins  tend  to  occur 
suddenly,  and  because  the  stresses  needed  to  move  twin 
boundaries  are  probably  higher  than  the  stresses  due  to 
temperature  cycling.  Changes  in  microtwins  can  possibly 
occur  at  high  pressures,  in  pressure  transducers. 


Other  interesting  thermal  hysteresis  phenomena  in 
quartz  take  place  near  573°C,  during  the  a-(5 
transition,52,  53  in  the  incommensurate  phase  of  quartz. 
Various  physical  properties  of  quartz,  such  as  the  heat 
capacity  and  refractive  index,  exhibit  thermal  hysteresis  in 
this  phase. 


Apparent  Hysteresis  -  Filler11  showed  conclusively 
that  when  the  thermometer  in  a  compensated  oscillator  is 
separated  from  the  resonator  (as  it  is  in  TCXO),  the 
thermal  gradients  between  the  thermometer  and  the 
resonator  can  produce  "apparent”  hysteresis.  The  apparent 
hysteresis  can  be  eliminated  by  using  dual-mode 
self-temperature  sensing.12, 13 


Anglcs-of-cut  Dependence  -  Early  data  on  SC-cut 
crystals  seemed  to  indicate  that  the  SC-cut  has  lower 
hysteresis  than  AT  and  BT-cuts.  A  recent  experiment  on 
30  SC-cut,  10  MHz,  3rd  overtone  units  and  on  15  BT-cut, 
5  MHz,  3rd  overtone  units  in  identical  enclosures 
produced  the  data  shown  in  Table  1.  The  material  in  all 
was  unswept  cultured  quartz  with  an  1R  "Q"  of  nominally 
2.5  million.  The  units  had  been  cycled  from  30°C  to 
150°C  to  30°C.  Hysteresis  of  either  sign  was  seen  in  both 
batches.  The  maximum  seen  was  about  ±5  X  10'8.  This 
is  essentially  the  same  as  reported  in  other  work.  The 
experimental  data  is  shown  in  Fig.  8. 

Oscillator  Circuit  Hysteresis  -  Hysteresis  in  circuit 
components  can  cause  oscillator  hysteresis.  For  example, 
if  a  20  pF  load  capacitor  CL  is  in  scries  with  a  resonator 
and  the  resonator’s  Cj  =  14  fF  and  C0  =  5  pF,  then  a  5  X 
10'4  hysteresis  in  CL  produces  a  1  X  10 7  f  vs.  T 
hysteresis.38 


Table  1.  Hysteresis  and  Orientation 


SC-Cut 

BT-Cut 

Absolute  Mean 

1.1  X  108 

1.1  X  10 

Standard  Deviation 

1.3  X  10'8 

1.2  X  10 

Inductors  are  notorious  for  their  instabilities;  e.g.,  the 
windings  of  inductors  can  stretch  and  move  due  to  the 
stresses  experienced  during  temperature  cycling.  It  is 
possible  to  minimize  the  circuit  contributions  to  hysteresis 
by  appropriate  resonator  and  circuit  design,  and  circuit 
component  selection.  For  example,  the  need  for  inductors 
in  the  b-mode  trap  of  SC-cut  oscillators  can  be  eliminated 
with  lateral  field  resonator  designs  that  suppress  the  b- 
mode.54 


Worst  Case  Thermal  Hysteresis 
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Figure  8.  Experimental  Hysteresis  Data:  SC-Cut  Resona¬ 
tors  are  10  MHz,  3rd  Overtone;  BT-Cut 
Resonators  arc  5  MHz,  3rd  Overtone 


Summary  and  Conclusions 


The  results  to  date  seem  to  indicate  that  lattice  defects 
are  somehow  related  to  thermal  hysteresis.  Stress  relief  in 
the  mounting  structure  can  also  produce  significant 
hysteresis.  As  crystal  processing  techniques  have 
improved,  contamination  has  become  less  of  a  problem. 
This  is  shown  in  Fig.  9.  The  points  represent  a  rough 
mean  of  the  published  data  and  demonstrate  a  two-ordcr- 
of-magnitude  reduction  in  the  observed  levels  of  hysteresis 
during  the  past  25  years. 


172 


MEASURED  HYSTERESIS 
AT  &  SC  Cuts 

Rough  U««n 


Y ear  of  Publication 

Figure  9.  Hysteresis  Data  Quoted  in  Publications  (Rough 
Averages  Computed  when  not  Available  in 
Original  Source) 

That  parts  in  109  hysteresis  has  been  observed  in  some 
resonators  is  encouraging.  Once  the  effects  of  material 
defects  and  strain  relief  due  to  the  mounting  structure  arc 
better  understood,  it  may  be  reasonable  to  expect  parts  in 
109  hysteresis  in  a  reproducible  manner.  MCXO’s  of 
parts  in  109  f  vs.  T  stability  will  then  be  obtainable. 
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Abstract 

With  the  introduction  of  the  microcomputer  compen¬ 
sated  crystal  oscillator  (MCXO),  the  technology  of  com¬ 
pensation  for  frequency  vs.  temperature  (f-T)  variations  has 
advanced  to  the  state  where  thermal  hysteresis  is  the 
largest  contributor  to  frequency  error.  In  this  paper  data 
are  presented  on  the  hysteresis  of  resonators  and  oscil¬ 
lators.  The  dual-c-modc  self-temperature  sensing  technique 
was  used  for  thermometry.  Temperature  measurement 
inaccuracies  arc  eliminated  with  this  technique  because  the 
resonator  and  the  thermometer  are  one  and  the  same. 
Measurements  were  made  using  both  a  passive  "pi"  nct- 
work/vcctor-voltmcter  system,  and  dual-mode  oscillators  of 
two  designs. 

The  experimental  variables  investigated  were  1)  the 
end  point  temperatures,  2)  the  rate  of  change  of  tempera¬ 
ture,  3)  the  sequence  of  temperatures  (i.e.,  low-high-low, 
high-low-high,  or  mid-low-high-mid  etc.),  and  4)  the  drive 
level.  Resonators  were  also  measured  over  several  differ¬ 
ent  cycles  in  both  a  "pi”  network  and  a  dual-mode  oscilla¬ 
tor. 

The  results  show  that  the  thermal  hysteresis  of  the 
crystal  resonators  studied  is  independent  of  temperature 
sequence  and  drive  level  but  is  dependent  on  the  tempera¬ 
ture  extremes.  The  contribution  to  the  thermal  hysteresis 
from  a  poorly  designed  oscillator  may  be  larger  than  the 
contribution  from  the  resonator.  Resonators  from  several 
different  manufacturers  and  different  lots  from  the  same 
manufacturer  exhibit  thermal  hysteresis  signatures. 

Introduction 

The  limiting  factor  in  temperature-compensated 
oscillators  ;s  the  non-repeatability  of  the  frequency  vs. 
temperature  characteristic.  All  compensation  schemes  rely 
on  a  one-to-one  correspondence  between  temperature  and 
frequency.  Figure  1  shows  the  fractional  frequency  offset 
(from  the  nominal  frequency)  vs.  temperature  for  a  well 
compensated  crystal  oscillator.  The  arrows  represent  the 
direction  of  temperature  change.  The  difference  between 
the  f-T  curve  measured  while  the  temperature  is  increasing 
and  the  f-T  curve  measured  while  the  temperature  is 
decreasing  is  the  temperature  dependent  hysteresis.  The 
maximum  difference  over  the  entire  operating  range  of  the 
oscillator  is  defined  as  the  thermal  hysteresis  for  that 
device.1  Kustcrs  and  Vig,  elsewhere  in  these  proceedings, 
give  a  comprehensive  review  of  the  literature  on  thermal 
hysteresis  in  quartz  crystal  devices.2 


Formerly,  data  on  thermal  hysteresis  were  obtained  by 
analyzing  f-T  curves  of  conventional  temperature  compen¬ 
sated  crystal  oscillators  (TCXO).  In  a  TCXO  the  crystal 
resonator  is  physically  separated  from  the  temperature 
sensing  device,  usually  a  thermistor,  resulting  in  different 
thermal  paths  and  time  constants.  If  the  ambient  tempera¬ 
ture  is  changing,  the  resonator  and  the  thermistor  will  be  at 
different  temperatures.  This  results  in  an  error  in  the 
compensation  which  is  manifested  as  "apparent  hysteresis”.3 
The  identical  effect  occurs  if  the  resonator  is  measured  in 
a  passive  system  such  as  a  "pi"  network/vcctor-voltmeter 
test  set  since  the  temperature  sensor  is,  as  in  a  TCXO,  sepa¬ 
rated  from  the  resonator. 

In  this  paper  hysteresis  data  will  be  presented  on 
resonators  and  oscillators.  The  dual-c-mode  self-tempera¬ 
ture  sensing  technique  was  used,  in  which,  temperature 
inaccuracies  are  eliminated  since  the  resonator  and  the 
thermometer  are  one  and  the  same.4  Measurements  were 
made  using  both  a  pi -net  work/vector- voltmeter  system5  and 
several  dual-mode  oscillators.6 

Experimental  Scope 

As  reference  2  states,  thermal  hysteresis  is  not  well 
understood.  The  phenomenon  had  to  be  better  defined  so 
that  possible  mechanisms  could  be  identified.  To  that  end 
35  resonators  from  six  different  manufacturers  were 
measured.  There  were  units  from  two  manufacturing  lots 
from  two  of  the  suppliers  and  units  from  one  lot  from  three 
of  (he  manufacturers.  The  sixth  manufacturer  was  the 
supplier  of  ceramic  fiatpack  enclosed  units.7  The  total 
number  if  f-T  curves  analyzed  for  this  paper  is  720.  The 
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data  shown  arc  representative  of  the  conclusions  drawn 
from  all  of  the  curves. 

f-T  Profile 

All  of  the  f-T  cycles  were  performed  in  a  quasi-static 
manner.  The  temperature  setting  was  changed  and  then, 
after  a  pre-set  period  of  time,  referred  to  as  the  "soak" 
interval,  the  frequency  measurement  was  initiated  .  The 
standard  temperature  was  3.2°C  and  the  standard  "soak" 
interval  was  4  minutes  which  resulted  in  a  12  hour  f-T 
cycle.  The  longest  soak  interval  used  was  60  minutes. 
The  standard  temperature  cycle  was  -55°C  to  +85°C  and 
return. 

Experimental  Configuration 

Figure  2  is  a  block  diagram  of  the  experimental  config¬ 
uration.  Ten  thick  film  "pi"  networks  were  switched  to  a 
common  vector-voltmeter  and  synthesizer.  The  three  dual¬ 
mode  oscillators  were  switched  to  two  counters,  one  for  the 
fundamental  mode  and  one  for  the  third  overtone.  The 
oscillator  measurements  implemented  the  true  self-tempera¬ 
ture  sensing  technique  in  that  the  measurements  of  the  two 
modes  were  made  simultaneously.  In  the  "pi"  network 
measurements,  the  modes  were  measured  sequentially  with 
a  time  separation  of  less  then  5  seconds. 


f-T  Repeatability 

There  are  two  aspects  to  the  compensation  problem. 
The  first  is  f-T  repeatability.  Figure  3  shows  data  from 
four  different  temperature  cycles.  In  all  cases  a  6th  order 
polynomial  has  been  subtracted  from  the  raw  frequencies  to 
simulate  the  fractional  frequency  output  from  a  compensat¬ 
ed  oscillator.  The  four  temperature  cycles  repeat  fairly  well 
as  contrasted  with  figure  4.  (The  resonator  in  figure  4  was 
removed  from  one  "pi"  network  and  inserted  in  another  so 
it  is  not  surprising  that  the  f-T  curve  did  not  repeat.)  The 
abscissa  in  figures  3  and  4,  and  the  ones  to  follow,  are 
labeled  with  three  scales.  The  top  two  scales  arc  the 
thcrmomctric  beat  frequency^  in  both  Hertz  and  ppm.  The 
bottom  scale  is  the  temperature  limits. 

The  repeatability  of  the  f-T  characteristic,  as  well  as  its 
smoothness  is  still  an  open  area  for  investigation.  This 
report  is  concerned  only  with  the  temperature  dependent 
thermal  hysteresis  as  defined  above. 

Thermal  Hysteresis 

In  spite  of  the  fact  that  the  f-T  repeatability  is  relative¬ 
ly  poor  in  Figure  4,  the  temperature  dependant  thermal 
hysteresis  for  both  cycles,  plotted  as  a  function  of  the 
thcrmomctric  beat  frequency  in  figure  5.  is  virtually 
identical.  The  hysteresis  curves  that  follow  show  tempera- 
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ture  dependent  thermal  hysteresis.  This  is  the  first  work 
which  allows  direct  comparison  of  temperature  dependent 
thermal  hysteresis  behavior  because  thermal  lag  and 
imperfect  compensation  have  been  eliminated. 

Thermometric  Beat  Frequency  and  its  Consequences 

The  thermometric  beat  frequency  is  defined3  as 

fp  =  3f!  -  f3,  (1) 

where  f,  is  the  frequency  of  the  fundamental  mode,  f3  is 
the  frequency  of  the  third  overtone  and  fp  is  the  thermo¬ 
metric  beat  frequency. 

A  consequence  of  equation  1  is  that  the  dual-mode 
hysteresis  of  the  fundamental  mode  and  of  the  third 
overtone  are  identical.8  If  Hj  is  the  hysteresis  of  the 
fundamental  and  H3  is  the  hysteresis  of  the  third  overtone, 
then  the  dual-mode  hysteresis,  H(fp)  is  given  by 

df,  df3 

H(fp)  =  3-— H3-  —  H,.  (2) 

dfp  dfp 

To  reiterate,  the  dual-mode  hysteresis  is  measured 
because  measurement  of  the  fundamental  mode  hysteresis 
alone  or  third  overtone  hysteresis  alone  is  usually  impossi¬ 
ble  due  to  thermal  lag  causing  "apparent  hysteresis." 

A  consequence  of  equation  1  is  that  3  times  the  slope 
of  the  fundamental  mode  and  the  slope  of  the  third  over¬ 
tone  with  respect  to  fp  always  differ  by  1  Hz/Hz.  A  full 
derivation  and  discussion  of  equation  2  can  be  found  in 
reference  8. 

Equation  2  shows  that  distortion  and  mixing  of  the 
hysteresis  occurs  due  to  the  dual-mode  technique.  For 
example,  if  the  hysteresis  of  the  fundamental  mode  was  ±3 
x  10'8  and  the  hysteresis  of  the  third  overtone  was  ±1  x 
10'8  over  the  entire  temperature  range,  as  shown  in  figures 
6  and  7,  the  dual-mode  hysteresis  would  look  as  shown  in 
figure  8.  In  this  example  the  flare  at  the  low  temperature 
end  is  due  to  the  slope  of  the  f-T  curve  being  largest  there, 
not  due  to  the  fact  that  the  hysteresis  is  largest  there.  Even 
though  it  is  difficult  to  compare  dual-mode  data  with 
conventional  data,  the  curves  are  self  consistent,  that  is, 
dual-mode  hysteresis  measured  under  various  conditions 
can  be  compared  to  determine  the  effect  of  various  param¬ 
eters. 

Parameters  Investigated 


2.  Manufacturer  and  manufacturing  lots 

3.  Temperature  range  and  sequence 

4.  Drive  current 

5.  "Soak"  interval 

6.  Measurement  technique,  i.e.,  "pi"  network 
or  oscillator 

Hysteresis  Repeatability 

An  important  consideration  in  studying  hysteresis  is  (he 
stability  of  the  phenomenon.  If  the  hysteresis  were  differ¬ 
ent  each  time  one  measured  a  device,  it  would  be  very 
difficult  to  determine  the  effect  of  measurement  parameters 
or  process  variations.  It  has  been  reported  that  hysteresis 
decreases  with  repeated  f-T  cycles,  especially  between  the 
first  and  subsequent  cycles.  Figures  9  and  10  show 
several  examples  of  repeated  cycles.  It  can  be  seen  that  if 
the  parameters  are  not  changed,  the  hysteresis  repeats 
extremely  well.  In  figure  10,  even  the  anomalous  structure 
repeats  itself.  This  anomalous  structure  will  take  on  an 
interesting  connotation  when  the  units  are  grouped  by 
manufacturing  lots.  The  large  fluctuations  at  the  low 
temperature  end  are  due  to  the  non-simultaneity  of  the  "pi" 
network  measurements  coupled  with  the  rapid  temperature 
variations  caused  by  liquid  nitrogen  cooling  in  the  tempera¬ 
ture  chamber. 

Manufacturer  and  Manufacturing  Lots 

In  figures  1 1  to  16  hysteresis  data  is  shown  for  all  of 
the  units  from  6  different  manufacturing  lots.  Figures  12 
and  13  show  the  results  for  two  lots  from  manufacturer  B 
and  figures  15  and  16  show  the  results  for  two  lots  from 
manufacturer  D.  Figures  11  and  14  show  the  results  for 
lots  from  manufacturer  A  and  C  respectively.  Only  single 
unit  lots  were  studied  from  the  other  two  suppliers. 

It  is  quite  evident  that  each  manufacturing  lot  has  a 
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Six  parameters  were  investigated: 

1.  Hysteresis  repeatability  (no  change  in 
parameters) 


(Oalta  f  bat»)'f  bat* 

Figure  9  -  Hysteresis  repeatability. 
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Figure  10  -  Hysteresis  repeatability. 

signature,  and  that  the  signature  is  different  for  each  lot 
even  from  the  same  manufacturer  with  ostensibly  identical¬ 
ly  processed  units.  It  is  interesting  that  manufacturer  B 
fabricated  both  the  best  and  the  worst  units,  although  they 
were  of  different  designs.  It  is  difficult  to  develop  a 
simple  model  for  mechanisms  which  cause  the  unusual 
shape  of  the  hysteresis  in  units  shown  in  figure  16. 

The  "sign"  of  the  hysteresis  is  also  related  (albeit 
loosely)  to  manufacturing  lot.  There  were  five  "signs" 
observed: 

1.  frequency  during  increasing  temperature  >  frequen¬ 
cy  during  decreasing  temperature 

2.  frequency  during  increasing  temperature  <  frequen¬ 
cy  during  decreasing  temperature 

3.  a  crossover  in  the  middle  of  the  range  with  the 
frequency  during  increasing  temperature  >  frequency 
during  decreasing  temperature  at  the  high  temperature  limit 
(the  reverse  at  the  low  temperature  limit) 

4.  the  reverse  of  case  3 

5.  indistinguishable  pattern  due  to  the  noise  being 
larger  than  the  hysteresis  (only  occurred  in  two  of  the 
devices  with  very  low  hysteresis) 

The  results  for  the  manufacturing  lots  are 

Lot  from  figure  1 1  :  all  case  4 

Lot  from  figure  12  :  1  case  4,  1  case  1 

Lot  from  figure  13:2  case  4,  1  case  1 

Lot  from  figure  14  :  1  case  4,  2  case  1 

Lot  from  figure  15  :  all  case  3 

Lot  from  figure  16  :  both  case  1 

Ceramic  flatpacks  :  9  case  4,  1  case  1,  2  case  5 

"Apparent  hysteresis"  would  manifest  itself  as  case  3 
or  case  4.  The  "sign"  of  the  hysteresis  does  not  change 
when  the  sequence  of  temperatures  is  reversed.  It  appears. 


(Delta  f  beta)/f  beta 


Figure  11  -  Manufacturer  A,  4  units,  2  point  mount, 
metal  enclosure. 


Figure  12  -  Manufacturer  3,  lot  1,2  units,  4  point 
mount,  metal  enclosure. 


Figure  13  -  Manufacturer  B,  lot  2,  3  units,  2  point 
mount,  glass  enclosure. 
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Figure  14  -  Manufacturer  C,  3  units,  2  point  mount, 
metal  enclosure. 


(Delta  f  beta)/f  beta 
Figure  15  -  Manufacturer  D,  lot  1,8  units,  4  point 
mount,  metal  enclosure. 


Figure  16  -  Manufacturer  D,  lot  2,  2  units,  4  point 
mount,  metal  enclosure. 


therefore,  that  the  crossover  in  the  hysteresis  is  not  due  to 
thermal  lag  or  the  non-simultaneity  of  the  measurement. 

Sequence  of  Temperatures  and  Temperature  Range 

To  investigate  the  effects  of  thermal  history,  several  f- 
T  cycles  were  performed  with  the  same  temperature  limits 
but  in  different  sequence.  The  three  sequences  used  were 

1.  -55°C  ->  +85°C  ->  -55°C 

2.  +85°C  -»  -55°C  ->  +85°C 

3.  +25°C  ->  -55°C  ->  +85°C  ->  +25°C 

A  typical  result  is  shown  in  figure  17.  The  different 
sequences,  with  the  limits  identical,  made  no  difference  in 
the  thermal  hysteresis. 


55"<  *85  V 

(Delta  f  bet  »)/(  beta 

Figure  17  -  Temperature  sequence. 


Several  f-T  cycles  were  also  performed  using  th 
e  low  T  ->  high  T  -»  low  T  sequence  but  with  the  limits 
changed.  Figures  18-20  show  three  resonators,  with  each 
resonator  cycled  over  several  different  temperature  ranges. 
Temperature  extreme  is  the  one  parameter  which  made  a 
significant  difference  in  the  thermal  hysteresis.  It  appears 
that  hysteresis  is  dependent  on  the  highest  temperature  seen 
during  the  temperature  cycle.  The  cycles  with  -t-85°C  as  the 
upper  limit  have  the  same  hysteresis  but  the  cycles  with  the 
upper  temperature  limit  lower  than  +85°C  have  lower 
thermal  hysteresis.  Since  the  sequence  in  this  experiment 
was  low  T  to  high  T  and  return,  this  experiment  does  not 
measure  the  effect  of  the  low  temperature  limit. 

Drive  Current 


The  effect  of  drive  level  on  the  thermal  hysteresis  was 
also  studied.  Figures  21  and  22  show  two  resonators  with 
the  drive  on  the  fundamental  mode  nominally  1  ma  (10(iW) 
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Figure  18  -  Various  temperature  cycle  limits. 


(Delta  4  bcta)/f  beta 

Figure  19  -  Various  temperature  cycle  limits. 


Figure  20  -  Various  temperature  cycle  limits. 


for  the  first  f-T  cycle  and  2  ma  (40pW)  for  the  second  cy¬ 
cle.  The  drive  on  the  third  overtone  was  0.3  ma  (7.2pW) 
for  the  first  and  0.6  ma  (29pW)  for  the  second.  The  drive 
current,  at  least  at  the  levels  reported  here  and  for  the  18 
resonators  measured,  did  not  affect  the  thermal  hysteresis. 

"Soak"  Interval 


The  "soak"  interval,  i.e.,  the  time  interval  between 
temperature  set  and  frequency  measurcment,was  increased 
from  4  minutes  to  8  minutes  and  then  to  60  minutes.  The 
f-T  cycle  for  the  60  minute  "soak"  interval  took  about  5 
days.  If  thermal  transients  are  contributing  to  the  thermal 
hysteresis,  the  change  in  "soak"  interval  should  give  some 
indication.  For  most  of  the  units,  especially  the  better 
performers,  the  slower  cycle  made  almost  no  difference.  In 
figure  23  the  slower  cycle  is  a  little  less  noisy  and  possibly 
a  little  better  at  low  temperatures,  but  the  essential  behavior 
is  unchanged.  In  figure  24  there  is  virtually  no  difference 
between  the  two  cycles.  Figure  25  shows  an  example  of  a 
unit  from  the  one  manufacturer  which  was  extremely 
sensitive  to  "soak”  interval.  This  points  out  that  there  is 
most  likely  more  than  one  mechanism  responsible. 

Measurement  Technique 

All  of  the  preceding  measurements  were  performed 
with  the  resonators  in  a  passive  "pi"  network.  Figure  26  is 
the  thermal  hysteresis  of  a  resonator  measured  both  in  a 
"pi"  network  and  a  dual-mode  oscillator.  This  technique 
enables  one  to  separate  the  contribution  of  the  oscillator 
circuit  from  that  of  the  resonator.  The  contribution  of  the 
oscillator  circuit,  in  this  example,  is  very  large.  The  design 
of  the  oscillator  was  later  modified  by  reducing  an  inuuctor 
value  in  the  fundamental  mode  circuit  (and  increasing  the 
appropriate  capacitance  values.)10  The  same  resonator 
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Figure  22  -  Drive  current. 
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Figure  23  -  4  minute  and  1  hour  "soak"  intervals. 
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Figure  25  -  4  minute  and  1  hour  "soak"  intervals. 

measured  in  both  oscillators  is  shown  in  figure  27.  Forease 
of  comparison  the  second  oscillator  is  compared  to  the  "pi" 
network  measurement  in  figure  28.  The  redesigned  oscilla¬ 
tor  is  almost  as  good  as  the  resonator  in  the  "pi"  network  at 
the  higher  temperatures.  The  oscillator  is  better  at  the  low 
temperatures,  most  likely  due  to  the  non-simultaneity  of  the 
measurement  in  the  "pi"  network,  or  there  may  be  some 
offsetting  phenomena. 

Conclusions 

The  conclusions  which  can  be  derived  from  this  work 
are 

1.  The  fact  that  resonator  hysteresis  is  a  repeatable  property 
for  a  given  temperature  cycle  will  allow  easier  observation 
of  systematic  effects  in  hysteresis  experiments. 

2.  The  observation  that  manufacturing  lots  have  signatures 
implies  that  hysteresis  is  not  an  inherent  property  but  is 
process  dependent. 

3.  Since  temperature  excursion  is  a  factor,  it  is  not  feasible 
to  model  hysteresis  behavior  to  improve  compensation. 

4.  Drive  current  is  not  a  factor  in  thermal  hysteresis,  at  least 
at  the  levels  reported  here. 

5.  Resonator  hysteresis  is  not  always  worse  at  low  tempera¬ 
tures. 

6.  Oscillator  components  may  be  a  contributor  to  hysteresis. 
A  low  hysteresis  resonator  is  necessary  but  not  sufficient  to 
insure  a  low  hysteresis  oscillator. 
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Figure  26  -  Pi  network  and  dual-mode  oscillator  A. 
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Figure  27  -  Dual -mode  oscillator  A  and  B. 


Figure  28  -  Pi-network  and  dual-mode  oscillator  B. 
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Introduction 

The  SC-cut,  or  Stress 

Compensated-cut ,  was  originally  arrived 
at  by  two  different  theoretical 
approaches  and  one  experimental 
approach  [1-4],  Although  the  two  theo¬ 
retical  models  did  not  treat  the  exact 
experimon.'-'>1  configuration,  all  of  the 
early  work  led  to  choices  of  angles  for 
the  doubly- rotated  cut  that  were  close 
together.  The  reasons  for  this  have 
become  clear  over  the  years  as  other 
theoretical  work  has  been  carried  out 
on  the  SC-cut.  [5,6]  Basically,  of  the 
six  possible  initial  stress  components 
set  up  in  the  quartz  resonator  blank  by 
various  influences  such  as  thermal 
transients,  electrode  stress,  or  radia¬ 
tion  deposition,  the  two  in-plane 
longitudinal  components  are  dominant. 
This  circumstance  is  the  result  of  the 
planar  geometry  of  a  crystal  blank, 
which  leads  to  planar  stress  patterns. 

Figure  1  outlines  the  predicted 
loci  of  several  interesting  effects  in 
alpha-quartz.  Shown  are  the  locus  of 
the  zero  first-order  temperature 
coefficient  [11],  the  predictions  by 
Holland  for  the  locus  where  thermal 
transient  compensation  occurs  [2],  and 
the  locations  where  stress  compensation 
occurs  [3,6],  Also  shown  is  the  first 
experimental  confirmation  of  the  theory 

[di¬ 
stress  compensation  occurs  in  the 
SC-cut  because  the  shift  in  resonant 
frequency  is  equal ,  but  opposite  in 
sign,  for  the  two  in-plane  longitudinal 
stress  components. 
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Thermal  transient  compensation  in 
the  early  work  [4]  was  exhibited  in  a 
geometry  where  the  dominant  stress 
components  were  also  the  two  in-plane 
longitudinal  stresses.  Many  manufac¬ 
turers  now  offer  "SC-cuts"  in  their 
product  line  that  provide  marked 
improvement  in  thermal  transient 
performance  over  the  singly-rotated  AT- 
cut . [ 7 ]  Few  of  them  actually  obtain 
the  full  benefit  of  thermal  transient 
compensation.  This  is  because  the 
initial  stress  patterns  set  up  by 
thermal  transients  are  specific  to  the 
mount  and  packaging  configuration, 
which  varies  between  manufacturers. 
Theoretical  work  also  exists  that 
suggests  even  the  choice  of  electrode 
thickness  and  material  can  affect 
thermal  transient  compensation .[ 8 ] 

Recently,  an  attempt  was  made  to 
use  the  crystallographic  orientation  of 
a  two -point  mount  SC -cut  for  a 
four-point  packaging  configuration.  It 
was  necessary  to  change  the  crystallo¬ 
graphic  orientation  for  the  four-point 
mount  configuration  in  order  to  obtain 
equivalent  thermal  transient  compensa¬ 
tion  between  the  two  packaging 
approaches.  The  fact  that  a  crystallo¬ 
graphic  orientation  change  was 
necessary  and  the  qualitative  basis  for 
why  it  was  necessary  are  the  subject  of 
this  paper.  An  experimental  matrix 
method  for  defining  the  best  crystallo¬ 
graphic  orientation  for  a  specific 
mounting  and  packaging  configuration  is 
presented . 
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Theoretical  Background 

Figure  2  shows  a  quartz  resonator 
blank  with  the  axes  system  used  herein 
and  the  three  in-plane  stress  compo¬ 
nents  Txx,  T2z  ,  and  Txz .  In  the  case 
of  homogeneous  stress  throughout  the 
active  region  of  the  thickness  shear 
mode,  the  fractional  frequency  shift 
Af/f 0  is  given  by: 

Af/^o  =  ^xx^xx+^z  z^z  z+^xz^xz  (1) 

Here,  Kxx,  Kzz ,  and  Kxz  are  calculated 
using  the  perturbation  formula  of 
Tiersten  [9]  and  the  third-order 
elastic  constants  of  quartz  as  measured 
by  Thurston,  et.  al .  [10],  Figure  2 
shows  how  Kxx  and  Kzz  vary  with  the 
rotation  angle  <p  of  a  doubly-rotated 
plate  (YXwl)<p,0,  where  0  is  selected 
for  temperature  compensation  or  the 
desired  turnover  temperature  (0  is 
around  34.3°). 


Figure  2.  A  quartz  resonator  blank 
with  the  axes  convention  used  and 
representations  of  the  three  in¬ 
plane  stresses. 

Note  in  Figure  3  that  around 
(p=22.3°,  Kxx=-Kzz-  This  has  been 
emphasized  in  Figure  3  by  also  plotting 
Kxx+Kzz.  As  one  can  see  in  Figure  3, 


these  frequency  shift  coefficients  are 
not  a  strong  function  of  <p,  so  consi¬ 
derable  benefit  can  be  obtained  by 
choosing  c p  near  22'  . 

In  contrast ,  Figure  4  shows  Kxz 
as  a  function  of  <p  near  ip=22  Note  in 
Figure  4  that  Kxz  has  a  considerable 
value  for  all  the  <p  values  where 
KXx+Kzz~0-  If  the  heat  flow  in  a  ther¬ 
mal  transient  is  not  symmetric  about 
the  blank  center  in  the  plane  of  the 
resonator,  Txz  will  *0.  In  this  case, 
there  will  need  to  be  a  corresponding 
shift  in  the  ip  angle  to  cause  all  three 
terms  in  Eq .  1  to  compensate  one 
another.  Thus  the  necessity  of  small 
modifications  to  c p  as  one  changes 
mounting  and  packaging  if  the  full 
benefit  of  the  SC-cut  is  desired. 

In  most  fabricated  quartz  crys¬ 
tals,  mounting  stresses  developed 
during  crystal  fabrication,  non- 
symraetric  electrode  stress.  other 
fabrication-related  stresses,  and  heat  - 
flow  into  the  crystal  blank,  may  cause 
three  additional  non- planar  stresses  to 
be  present .  These  are  the  other 
longitudinal  stress,  Tyy .  and  the  two 
remaining  shear  stresses,  TXy  and  TyZ . 
These  stresses  are  associated  with  the 
stress  coefficients  Kyy,  KXy,  and  KyZ , 
respectively.  In  the  presence  of  a 
thermal  gradient  in  any  region  in  the 
crystal ,  full  thermal  transient 
compensation  occurs  if,  and  only  if. 
the  algebraic  sum  of  the  products  of 
the  existing  stresses  and  their  respec¬ 
tive  stress  coefficients,  is  zero, 
i  .e  .  , 

Af/f0  =  KXXTXX+KyyTyy+KzzTZZ 

+^xz^xz+^xy^xy+^yzTyz  (2) 

=  0. 

Inherent  in  this  work  is  a  basic 
assumption  that  static  stress  compensa¬ 
tion  is  necessary,  but  not  sufficient 
to  ensure  the  maximum  performance  from 
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a  quartz  resonator.  Only  when  all  of 
the  dynamic  effects  due  to  heating  (or 
cooling)  a  crystal  compensate,  does 
stress  and  thermal  transient  compensa¬ 
tion  occur. 


Experimental  Evidence  for  £  Shifts 

Figure  5  is  from  an  earlier  work 
in  which  a  comparison  was  made  between 
conventional  cuts  and  the  SC-cut.  [12] 
This  figure  illustrates  the  thermal 
overshoot  that  occurs  in  all  AT-cut  and 
BT-cut  oscillators,  and  in  many  other 
oscillators  that  are  advertised  as  "SC- 
cut"  oscillators.  In  this  case,  the 
oven  power  cuts  back  at  about  6 
minutes.  A  properly  designed  SC-cut 
essentially  approaches  its  equilibrium 
temperature  at  the  same  time.  Other 
cuts  do  not,  as  exhibited  by  the  AT-cut 
resonator  shown. 

A  key  point  is  that  thermal 
transient  behavior  may  not  b-i  due 
solely  to  the  crystal.  Other  factors, 
such  as  aging  or  transient  effects  in 
the  oven  control  thermistor,  frequency 
trimmer  capacitors,  inductors  in  the 
direct  frequency  control  loop,  may  all 
contribute  to  a  transient  effect. 

Another  factor  is  the  coupling 
between  the  crystal  resonator  blank  and 
the  oven  mass.  Asymmetric  heat-flow 
during  heating  (or  cooling)  will  give 
rise  to  stress  in  the  blank.  Changing 
heat -flow  conditions  may  make  it 
impossible  to  find  an  orientation  with 
a  true  thermal  transient  compensation. 
Attention  must  be  given  to  the  method 
of  blank  attachment,  lead  conditions, 
crystal  case  material,  residual  (or 
back-filled)  gasses  in  the  case,  and 
the  methods  of  applying  heat  to  the 
crystal  case.  These  are  summarized  in 
Table  I. 


Thermal  Transient  Compensation 

Factors  AHacting  Partormanca 

►  Typa  or  mount 

►  Numbar  of  mounting  loads 

►  Package  oon figuration 

►  Electrode  mass  Imbalance 

►  Electrode  Malaria! 

►  Quality  ot  quartz 

Table  I. 


Experimental  Methods  for 
Determining  the  Optimum  <p  Angle 

Table  11  summarizes  the  common 
methods  of  testing  for  thermal 
transient  performance. 

Thermal  Transient  Testing 

Experimental  Methods 

►  Thermal  Pulse  Testing 

►  Thermal  Scan  Testing 

►  Oscillator  Warmup  Characteristics 

►  Pulsed  Laser  (Morley) 

Table  II. 

Of  the  factors  shown,  the  pulsed 
laser  method  [13]  must  be  done  in  an 
evacuated  system  with  the  crystal  case 
removed . 

Thermal  step  testing  has  been 
interesting  theoretically  [1,2,8]  as  it 
is  relatively  easy  to  model .  As  ther- 
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mal  step  testing  requires  the  creation 
of  an  instantaneous  step  change  in  the 
temperature  of  the  surface  of  the 
crystal,  it  is  virtually  impossible  to 
do  in  practice  . 

Thermal.  scan  testing  [4]  is 
illustrated  in  Figure  6.  Here,  a 
hypothetical  crystal  is  scanned  in 
temperature  through  its  turnover  point. 
The  turnover  point  presents  a  unique, 
and  identifiably  reference  mark  during 
the  testing  of  the  resonator.  Under 
static  conditions,  i.e.,  the 
temperature  rate-of -change  is  much 
slower  than  the  thermal  response  time 
of  the  resonator,  the  middle  line  of 
Figure  6  is  obtained. 

As  the  rate -of -change  of  tempera¬ 
ture  is  increased,  two  factors  happen. 
The  first  is  a  translation  of  the 
apparent  turnover  point  in  temperature. 
This  is  related  to  the  thermal 
transient  time  and  represents  a  thermal 
lag  in  the  system  response. 

The  second  is  a  frequency  shift 
which  occurs  at  all  temperatures.  For 
the  crystal  data  shown,  an  increasing 
temperature  scan  causes  the  frequency 
to  increase,  while  a  decreasing 
temperature  scan  causes  the  frequency 
to  decrease.  The  actual  sign  of 
frequency  change  with  temperature 
change  depends  upon  the  crystallo¬ 
graphic  orientation  and  all  of  the 
other  factors  mentioned  above.  The  key 
experimental  factor  is  the  maximum  (or 
minimum  for  the  other  turnover  point) 
frequency  value  observed,  independent 
of  the  temperature  at  which  it  was 
observed . 

Of  importance  to  the  analysis  of 
the  experimental  data  is  that,  to  first 
order,  the  amount  of  frequency  offset 
at  the  turnover  point  is  directly 
proportional  to  the  temperature  rate- 
of  -change  . 


The  measure  of  thermal  transient 
performance  is  therefore  the  frequency 
difference  between  the  measured  extrema 
of  the  f requency-temperature  curve, 
normalized  to  the  rate-of -change  of 
temperature . 

The  final  method  outlined  is  to 
carefully  plot  the  oscillator  warm-up 
characteristics.  This  is  the  final 
measure  of  the  thermal  transient 
performance.  However,  as  pointed  out 
earlier,  other  effects  due  to 
oscillator  components  may  dominate  the 
crystal  resonator  response.  Only  when 
all  other  effects  have  been  minimized, 
or  eliminated,  can  useful  information 
be  obtained  using  the  oscillator 
method . 

A  useful  process  for 
systematically  evaluating  resonator 
designs  for  optimum  performance  is 
shown  in  Table  III.  This  methodology 
has  been  used  in  several  companies  to 
eventually  produce  crystals,  and 
crystal -controlled  oscillators,  that 
maximize  the  advantages  of  the  SC-cut 

As  the  data  from  a  single  crystal 
may  not  be  reliable,  it  is  important 
that  the  method  outlined  in  Table  III 
be  done  with  enough  samples  (at  least  5 
per  set)  to  have  statistical  confidence 
in  the  final  results. 


Conclusions 

In  general ,  quartz  resonators 
designed  as  SC-cut  devices,  do  not 
always  perform  as  expected.  To  achieve 
the  maximum  benefits,  both  static 
stress  compensation  for  planar  effects, 
and  thermal  transient  compensation  for 
planar  and  non-planar  thermal  effects 
are  required.  The  methods  for  testing 
resonators  and  choosing  the  correct  c p 
angle  were  presented. 
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Figure  1.  Predicted  loci  of  interest  -  alpha  quartz 
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Figure  3.  Frequency  shift  coefficients  of  the  in-planar 
longitudinal  stress  components  near  the  SC-cut. 
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Figure  4.  Frequency  shift  coefficient  of  the  in-planar 
shear  stress  near  the  SC-cut. 


Figure  5.  Warm-up  characteristics  of  AT-  and  SC-cut  Resonators 
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Figure  6.  Hypothetical  thermal  scan  data  -  SC-cut  crystal 

Experimental  Method 
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DETERMINATION  OF  THE  OPTIMUM  ORIENTATION 
OF  AN  SC-CUT  RESONATOR  USING  A  PULSED  LASER 
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fSTC  Components,  Quartz  Crystal  Division,  Edinburgh  Way, 
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Abstract 

The  SC-cut  resonator,  because  of  its  stress 
compensation  characteristics,  is  very  suitable  for  use  in 
precision  oscillators  as  it  has  excellent  frequency  stability 
with  respect  to  thermal  transients.  Much  theoretical  work 
has  been  done  to  determine  the  optimum  crystallographic 
orientation  for  stress  compensation  and  the  published 
results  are  often  used  in  resonator  design.  From  the  point 
of  view  of  the  crystal  manufacturer,  however,  it  would  be 
more  convenient  if  a  rapid  method  of  measuring  this  force- 
frequency  effect  were  available.  The  optimum  orientation 
for  any  particular  resonator  design  could  then  be  found 
empirically. 

A  method  has  been  developed  to  measure  the  force- 
frequency  effect  in  resonators  by  the  use  of  a  pulsed  light 
beam  from  an  excimer  laser  which  is  directed  onto  the 
vibrating  surface  of  the  device.  The  crystal  resonance  is 
maintained  by  a  phase-locked  loop  with  a  long  time 
constant,  and  the  phase  across  the  crystal  is  monitored. 
The  small  phase  change  is  measured  by  the  use  of  a  lock- 
in  amplifier  which  is  locked  to  the  repetition  rate  of  the 
laser.  The  resulting  measurement  gives  a  determination  of 
both  the  phase  and  the  amplitude  of  the  force-frequency 
effect. 

Several  devices  have  been  produced  with  crystallo¬ 
graphic  orientations  spanning  the  theoretical  value.  These 
were  measured  using  the  laser  pulsing  method,  and  then 
the  frequency  modulation  was  plotted  against  angle. 


Introduction 

The  doubly  rotated  SC-cut  was  first  introduced 
around  1975  by  EerNisse  [1,2]  as  a  zero  temperature 
coefficient  (ZTC)  cut  which  also  exhibited  freedom  from 
frequency  changes  due  to  in-plane  mechanical  stresses, 
such  as  electrode  stress.  Contemporary  work  by  Holland 
[3]  predicted  a  quartz  cut  which  should  be  frequency 
compensated  for  dynamically  changing  ambient 
temperature.  This  was  initially  called  the  TS  cut  (for  thermal 
shock).  The  crystallographic  orientations  predicted  by  the 
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two  ai  ithors  were,  using  the  IEEE  standard  nomenclature 
(yxwl)  0/0,  (yxwl)  22.5°/34.3°  and  (yxw>)  22.8734.3°, 
respectively  (fig.  1).  Later  experimental  work  by  Kusters 
[4]  indicated  an  orientation  for  thermal  transient 
compensation  (the  TTC  cut)  of  ($.0)  =  (21. 93°, 33.93°),  and 
this  value  has  been  used  by  many  authors  in  later  work 
[5,6,7].  Clearly,  there  is  a  close  correlation  between  the 
two  compensation  effects,  and,  as  noted  in  ref.  4,  this  is 
because  they  are  caused  by  essentially  the  same  internal 
stresses. 

2  2 


Fig.  1  Angle  conventions  for  singly  and  doubly 
rotated  quartz  plates. 

Other  cuts  have  been  noted  along  the  AT-SC  ZTC 
locus  which  exhibit  an  improvement  over  the  AT-cut  for 
force-frequency  related  effects,  including  the  IT  rut  at 
0  =  19.1°  [8],  and  a  cut,  developed  for  oven  operation 
around  95°C,  at  0=23.75°  [71,  which  has  exhibited  iow 
acceleration  sensitivity. 

Much  of  the  work  for  the  experimental  verification  of 
the  SC-cut  orientation  has  been  performed  by  direct 
measurement  of  the  force-frequency  coefficient  K,.  This 
has  been  achieved  by  the  construction  of  jigs  which  apply 
a  pair  of  opposing  forces  around  the  periphery  of  a 
circular  blank,  either  to  apply  a  compressive  effect 
[9,10]  or  to  produce  a  bending  moment  [11].  Variation  of 
the  azimuthal  angle  0  gives  a  function,  the  mean  value  of 
which  should  ideally  be  zero  if  the  device  is  compensated 
for  isotropic  planar  stresses.  The  thermal  transient 
compensation  effect  has  also  been  experimentally  verified 
by  observing  frequency  changes  due  to  thermal  shock  or 
thermal  cycling  [4,11,12,13]. 
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The  work  presented  here  is  a  development  of  the 
work  performed  at  STC  Technology  [14,15]  in  which  the 
vibrational  distribution  of  AT-cut  resonators  was 
investigated  using  an  excimer  laser.  This  method  for  mode 
shape  analysis  is  particularly  applicable  to  thickness-shear 
modes  at  high  frequencies.  The  pulsed  laser  beam  is 
tracked  across  the  resonator  surface,  resulting  in 
modulation  of  the  crystal  frequency  which  is  a  function  of 
the  position  on  the  quartz  plate.  It  is  proposed  that  the 
mechanism  of  modulation  is  the  force-frequency  effect, 
whereby  the  light-induced  heat  pulse  creates  a  localized 
compression  in  the  quartz  due  to  thermal  expansion. 

The  use  of  a  pulsed  laser  for  creating  a  well-defined 
stress  field  on  the  surface  of  an  SC-cut  blank  provides  a 
technique  for  experimental  verification  of  its  stress- 
compensated  properties,  as  theory  suggests  that  the 
frequency  modulation  due  to  such  a  field  should  be  close 
to  zero  if  the  spot  is  positioned  in  the  modal  centre  of  the 
resonator.  Results  are  reported  here  to  illustrate  this  effect, 
together  with  a  description  of  the  equipment  used  for 
performing  the  experiments. 

Equipment 


Laser  Optics 

The  laser  used  for  this  work  was  a  Questek  2040 
excimer  laser.  The  wavelength  of  the  light  emitted  by  such 
a  laser  can  be  varied  by  the  choice  of  gases  in  the  laser 
chamber.  In  our  experiments,  argon  and  fluorine  were 
used,  the  combination  of  which  produces  an  emission  in 
the  UV  at  193  nm.  The  output  energy  can  be  varied 
between  20  and  200  mJ  per  15  ns  pulse,  with  a  repetition 
rate  of  up  to  100  Hz.  The  output  beam  is  about  15  mm2. 
The  large  beam  size  enables  a  very  simple  means  of  beam 
placement  as  shown  in  fig.  2.  This  arrangement  was 
modified  in  later  experiments  by  removing  the  second 
aperture  and  moving  the  imaging  lens,  in  order  to  achieve 
a  higher  light  intensity  at  the  crystal  surface.  The  spot  size 
was  adjusted  by  changing  the  distance  from  the  lens  to 
the  crystal. 
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Crystal  Measurement 

The  equipment  for  crystal  measurement  is  shown  in 
fig.  3.  The  vector  voltmeter  and  low-noise  signal  generator 
are  used  to  lock  the  crystal  frequency  close  to  resoi  ince. 
The  phase  output  of  the  vector  voltmeter  could  be  used  to 
monitor  the  phase  modulation  caused  by  crystal  frequency 
change,  but  it  has  been  found  that  a  higher  sensitivity  can 
be  obtained  with  a  double  balanced  mixer  arrangement  as 
s;  nwn.  This  requires  a  90°  phase  shift  between  the 
reference  and  the  measurement  channels,  which  is 
provided  by  a  quadrature  hybrid,  an  Anzac  JH-6-4,  in 
place  of  the  conventional  power  splitter.  This  considerably 
simplifies  the  measurement  circuit  as  it  operates  over  a 
wide  frequency  range  without  circuit  modification.  The 
crystal  is  measured  in  a  simple  100  ohm  network  made 
from  two  SMA  coaxial  attenuators.  Two  identical  amplifiers 
raise  the  signal  levels  in  each  measurement  arm  to  about 
+  7  dBm,  which  maximizes  the  sensitivity  of  the  HP  10514 
double  balanced  mixer.  The  output  of  the  mixer  is  filtered 
through  a  1  MHz  low-pass  filter  to  remove  the  2.f 
component,  and  is  then  fed  into  a  Stanford  Research 
SR510  lock-in  amplifier.  This  instrument  is  essentially  a 
narrow  band  detector  which  is  capable  of  measuring 
signals  at  known  audio  frequencies  which  are  buried  deep 
in  noise.  The  frequency  to  which  the  detector  is  locked  is 
fed  from  the  source  which  is  used  to  trigger  the  laser.  The 
phase  at  which  the  measured  signal  is  sampled  can  be 
adjusted  to  maximize  the  measurement  sensitivity,  and 
complex  audio  filtering  is  also  available. 


Fig.  3  Crystal  measurement  circuit. 
Theoretical  Background 


Fig.  2  Laser  optics. 
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The  effect  on  the  resonant  frequency  of  radial  edge 
forces  applied  to  quartz  discs  was  observed  over  30  years 
ago.  A  force  sensitivity  coefficient  K(  was  defined  by 


Ratajski  [9]  some  years  later  which  relates  frequency  shift 
to  applied  forces  by  the  equation 

KU>\  -  m 


where  &f/f0  is  the  fractional  change  in  frequency  due  to  the 
application  of  radiai  forces  F  at  azimuthal  angle  0  on  the 
edge  of  the  plate.  N  is  the  frequency  constant  and  2h  and 
D  are  the  thickness  and  diameter  of  the  plate  respectively. 

Extensive  theoretical  work  has  been  carried  out 
previously  oy  EerNisse  to  determine  the  nature  of  K, 
[16],  and  the  results  of  this  analysis  have  be  £:n  modelled 
in  the  form  of  4th  order  trigonometric  functions  [17]. 
These  coefficients  have  been  used  in  this  work,  and  the 
resulting  values  of  Kf  are  shown  graphically  in  fig.  4. 


Fig.  4  Force-frequency  coefficient  vs  azimuthal  angle  i>. 

The  application  of  a  laser  pulse  on  the  plate  surface 
causes  a  localized  stress  related  to  thermal  expansion  of 
the  quartz,  and  can  it  be  considered  analogous  to  the 
effect  of  electrode  stress,  but  limited  to  the  area  of  the 
spot.  It  is  known  that  the  resultant  forces  due  to  thermal 
expansion  are  somewhat  anisotropic  in  AT-cut  or  SC-cut 
quartz,  but  this  is  neglected  here,  and  could  be  included 
later.  The  localization  of  the  stress  field  clearly  results  in 
the  induced  phase  modulation  being  a  function  of  the 
vibrational  distribution  of  the  thickness  mode. 

A  full  analysis  of  the  thickness-shear  vibrational 
modes  of  doubly  rotated  contoured  quartz  resonators  has 
been  made  by  Stevens  and  Tiersten  [18],  and  this  has 
been  incorporated  into  this  work  for  determination  of  the 
form  of  the  mode  shape.  In  Tiersten’s  nomenclature,  the 
displacement  unoo,  denoted  here  as  u{x,,x3),  is  given  by  the 
Gaussian  function 

u(x„X3)  -  exp(-Srf)exp(-^pr2)  (2) 

where  an  and  0n  are  defined  in  ref.  18,  and  x,  and  x3  are 
the  coordinates  in  the  plane  of  the  plate  after  a  rotation  of 
0„,  also  described  in  the  same  reference.  The  three 


quantities  an,  0n  and  0n  are  functions  of  overtone 
number  (n)  and  plate  orientation.  They  have  been 
calculated  for  various  points  along  the  ZTC  locus,  and 
their  values  fitted  to  6th  order  polynomials  against  the 
angle  4  for  use  in  later  calculations. 

To  predict  the  change  in  frequency  due  to  changes 
in  the  effective  elastic  constants  within  a  small  volume  of 
the  quartz  disc,  Rayleigh's  Principle  [19]  is  employed.  It 
states  that  the  time  averaged  potential  energy  <V>  of  a 
system  is  equal  to  the  time  averaged  kinetic  energy  <  T> . 

Consider  a  resonator  composed  of  n  unit  volumes 
k=1...n.  The  potential  energy  for  the  kth  unit  volume  is 
given  by 

K  -  ^  0) 


where  ck  is  the  appropriate  elastic  modulus  and  sk  is  the 
strain.  For  a  unit  volume, 


-  uk  sin  uf 

(4) 

n  n 

thus  V  -  Vk  -  —  J^ujfCk  sin2  u  t 

k-1  2  k_, 

(5) 

and  (V)  -  1  £  ulo, 

4  k-i 

(6) 

Similarly  for  the  kinetic  energy, 

Tk  ’  lp  ^2sinZ  wf) 

(7) 

thus  T  -  pw  2  £  14 c°s2  u t 

2  k-i 

(8) 

and  (D  -  -pu 2  uk 

4  k-1 

O) 

Equating  the  two  energies  and  rearranging, 

t«4f  Ck 

I..2  -  k-1 

n 

(10) 

p£u k2 

k-1 

If  a  localized  change  occurs,  causing  an  effective  variation 
of  the  elastic  constants,  this  can  be  modelled  for  a  unit 
volume  by  considering  the  /th  element.  If  the  elastic 
modulus  for  this  element  changes  from  c(  to  cj  +  6c j:  this 
results  in  a  modified  resonant  frequency  (u  +  6w)  such 
that 

n 

E  Ck^k2  +  5ciu2 
(w  +  6u  )2  -  k"1 

n 

(11) 

pE^2 

k-1 
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Su  iO.U. 

giving  —  -  - LJ -  (12) 

w  n 

2u2pE<4,2 

k-1 

This  shows  that  the  change  in  frequency  is 

proportional  to  the  energy  of  the  thickness  mode  at  the 
point  of  laser  irradiation.  When  applied  to  the  full  area  of 
the  laser  spot,  this  results  an  expression  of  the  form 

T“  [T  W ) u2(*o  *rcos  Vorsin  (13) 

where  (x0,y0)  is  the  position  on  the  plate  of  the  laser  spot 
centre  and  r  is  the  spot  radius.  It  is  recognized  here  that 
this  is  not  a  complete  solution,  since  the  effect  on  a 
constrained  quartz  cylinder  of  a  radial  compression  will 
also  result  in  a  circumferential  tension  component,  but  this 
is  neglected,  and  could  be  the  subject  of  later  analysis. 
However,  the  evaluation  of  this  function  provides  a  useful 
insight  into  the  behaviour  of  devices. 

To  interpret  this  expression,  numerical  evaluations 
have  been  made  for  spot  positions  covering  a  36  mm2  area 
of  the  resonator  surface,  assuming  a  spot  diameter  of 
2  mm.  The  results  of  these  calculations  are  shown  in  fig  5a 
and  b  for  AT-cut  (<t>  =  0)  and  SC-cut  ( <j>  =  22)  respectively. 
The  assumed  resonator  design  for  both  cases  is  a  10  MHz 


Fig.  5  Theoretical  plots  of  laser-induced  modulation 
across  resonator  surface. 


3rd  overtone  with  a  1  dioptre  contour.  Figure  6a  and  b 
illustrates  the  dependence  of  the  predicted  modulation 
level  on  laser  spot  radius,  assuming  that  the  laser  energy 
density  at  the  crystal  surface  is  a  constant  value.  This  is 
the  case  where  degradation  of  the  resonator  surface  is  the 
limiting  factor  for  the  light  intensity.  It  shows  that  if  the 
device  is  flooded  with  light,  the  modulation  level  should  be 
low,  and  also  indicates  an  optimum  radius  for  maximum 
sensitivity. 


0  3 

Spot  radius  (mm) 


0  3 

Spot  radius  (mm) 

Fig.  6  Theoretical  plot  of  modulation  against  laser  spot 
radius  for  various  <f>  orientations  along  the  AT-SC  ZTC 
locus. 

Experimental  Outline 
Resonator  Designs 

Six  batches  of  resonators  were  fabricated  for  this 
exercise,  20  of  each  design:  one  batch  of  AT-cut,  and  five 
batches  straddling  the  previously  published  value  for  the 
SC-cut  of  0  =  21°56\  These  five  batches  were  cut  at  30’ 
intervals,  giving  a  total  range  in  of  2°. 

All  of  the  resonators  were  mounted  on  four  point 
mount  cold  weld  T08  bases  with  the  mounts  aligned  along 
the  x”  and  z”  axes.  The  designs  were  10  MHz  3rd 
overtone  with  a  1  dioptre  plano-convex  geometry,  and  a 
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blank  diameter  of  10  mm.  The  8  angles  were  chosen  to 
give  turnover  temperatures  at  between  30°C  to  40°C  to 
avoid  frequency  drift  with  temperature,  whilst  anticipating 
a  general  warming  effect  due  to  laser  (which  was  later 
corroborated  by  the  measurements).  The  orientation  of  the 
batches  was  verified  by  measurement  of  a  sample  over 
temperature,  and  by  measurement  of  all  of  the  resonators 
for  the  b-mode  to  c-mode  frequency  ratio,  giving  an 
accurate  determination  of  the  value  of  0. 

Measurement  Conditions 

For  the  purposes  of  these  experiments,  the  laser 
spot  diameter  was  set  to  approximately  2  mm.  The  laser 
energy  was  set  to  50  mJ  per  pulse,  and  the  primary 
aperture  was  about  10  mm  in  diameter,  giving  a  fluence  at 
the  crystal  surface  of  40  mJ/cm2  This  was  a  compromise 
between  obtaining  the  required  modulation  level  and  the 
possibility  of  electrode  damage.  For  smaller  spot  sizes,  the 
light  intensity  required  for  a  reasonable  signal  level 
resulted  in  scintillation  effects  on  the  crystal  surface.  With 
larger  spot  sizes,  even  the  maximum  laser  power  output 
was  insufficient  to  obtain  the  required  modulation  level 
whilst  retaining  adequate  beam  symmetry.  A  pulse 
repetition  rate  of  10  Hz  was  used  for  most  of  the  tests. 
Again,  this  was  a  compromise,  since,  for  lower 
frequencies,  1/f  noise  became  a  problem,  whereas  for 
higher  frequencies,  the  decay  time  of  the  crystal  phase 
became  a  significant  proportion  of  the  time  between 
pulses,  making  the  phase  setting  of  the  lock-in  amplifier  a 
critical  variable.  With  a  pulse  rate  of  10  Hz,  the  lock-in 
amplifier  phase  was  always  set  to  0°,  giving  a  consistent 
measure  of  the  laser-induced  phase  modulation. 

The  maximum  value  of  Kf  is  seen  from  fig.  4  to  occur 
at  a  0  orientation  of  about  35°  for  the  SC-cut.  The  maxima 
of  the  phase  modulation  should  therefore  occur  along  a 
line  at  35°  from  the  x"  axis.  To  simplify  the  fixturing,  and 
also  bearing  in  mind  the  other  errors  involved  in  the 
measurement,  the  crystals  were  actually  mounted  such 
that  the  x-y  table  caused  the  laser  spot  to  traverse  the 
blanks  at  45°  from  the  x"  and  z”  axes. 

For  every  resonator  which  was  measured,  the  modal 
centre  was  found  first,  by  traversing  the  laser  spot  in  each 
direction  until  the  saddle  point  was  found.  In  the  case  of 
the  AT-cut  the  centre  of  resonance  was  defined  by  a  local 
maximum.  The  beam  was  then  moved  in  1  mm  steps 
across  the  full  diameter  of  the  blank  in  the  horizontal 
direction,  and  after  stabilization,  a  phase  reading  was 
taken  at  each  point.  After  returning  to  the  centre  of  the 
resonator,  a  second  traverse  was  made  in  the  vertical 
direction,  and  readings  were  taken  using  the  same 
method. 

Experimental  Results 

The  results  obtained  for  the  six  batches  are  shown 
graphically  in  figs.  7  to  12.  The  horizontal  and  vertical  axes 


are  superimposed  on  the  same  graphs,  clearly  showing 
the  saddle  points.  It  should  be  noted  that  the  curves  have 
been  shifted  in  the  spot  position  axis  so  that  the  central 
maxima  or  minima  are  all  coincident  on  zero.  The  actual 
variation  in  the  saddle  point  position  from  unit  to  unit  was 
found  to  be  up  to  2.5  mm.  The  apparent  variation  in  the 
maxima  and  minima  either  side  of  the  saddle  point  in  both 
amplitude  and  position  is  probably  partially  caused  by  a 
spread  at  mounting  in  the  azimuthal  angle  0  and  by 
positional  inaccuracies  in  the  equipment.  Figure  13 
summarizes  the  variation  in  laser-induced  modulation  for 
the  five  groups  around  the  nominal  SC-cut  orientation, 
showing  the  variation  in  modulation  level  at  the  saddle 
point  against  0  for  each  crystal,  where  the  orientation  was 
inferred  by  measurement  of  fb/fc. 


Spot  position  (mm) 


Fig.  7  Plot  of  laser-induced  modulation  against  spot 
position  for  group  ATI  (AT-cut). 


Fig.  8  Plot  of  laser-induced  modulation  against  spot 
position  for  group  RT4  (0  =  20°56’). 
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Fig.  9  Plot  of  laser-induced  modulation  against  spot 
position  for  group  RT5  (0  =  21°26'). 


Fig.  10  Plot  of  laser-induced  modulation  against  spot 
position  for  group  RT1  (0  =  21°56'). 


Fig.  11  Plot  of  laser-induced  modulation  against  spot 
position  for  group  RT3  (0  =  22°26’). 


Fig.  12  Plot  of  laser-induced  modulation  against  spot 
position  for  group  RT2  (0  =  22°56’). 


Fig.  13  Distribution  of  observed  modulation  at  saddle 
point  against  0  (as  inferred  by  ratio  of  mode  frequencies). 


The  plot  of  fig.  13  suggests  an  orientation  of 
(0,0)  =  (21 .8°, 34.1°)  which  is  compensated  for  stresses 
induced  by  the  pulsed  laser  beam.  However,  all  of  the 
resonators  measured  here  were  nominally  mounted  along 
the  same  crystallographic  axes.  During  the  course  of  the 
measurements,  some  crystals  were  rotated  by  90°  about 
the  plate  normal,  thus  transposing  the  vertical  and 
horizontal  axes,  and  these  were  then  remeasured.  The 
phase  modulation  readings  were  consistently  slightly 
higher  in  value  than  those  shown  in  fig.  13,  which  in  turn 
would  predict  a  slightly  higher  value  for  the  optimum  value 
of  0.  This  anomaly  was  considered  to  be  due  to 
irregularities  in  the  intensity  of  the  laser  spot,  and  could  be 
greatly  improved  by  modification  of  the  laser  optics.  This 
would  be  an  area  of  interest  in  future  work. 
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Conclusions 

The  method  described  here  clearly  demonstrates  the 
mechanism  of  stress  compensation  in  SC-cut  quartz 
resonators.  The  modulation  induced  by  the  laser  has  been 
shown  to  exhibit  a  saddle  point  at  the  modal  centre  of  the 
resonator,  and  the  modulation  level  at  this  saddle  point 
has  been  shown  to  be  strongly  dependent  on  the  $  angle. 

For  the  10  MHz  3rd  overtone  designs  used  here,  the 
results  demonstrate  the  existence  of  an  orientation  along 
the  AT-SC  locus  at  ($>,«)  =  (21. 8°, 34.1°)  which  is 
compensated  for  stresses  introduced  by  the  pulsed 
thermal  energy  from  the  laser.  However,  the  energy 
distribution  of  the  laser  spot  is  known  to  be  non-uniform, 
causing  a  small  systematic  error  in  the  results. 
Compensating  for  this  error  gives  an  optimum  value  of  <t> 
which  is  extremely  close  that  obtained  by  Kusters  [4] 
(21.93°),  although  more  experimental  work  would  be 
required  for  a  high  confidence  level  for  this  value, 
preferably  using  an  optical  system  which  generates  a 
beam  with  an  isotropic  energy  distribution.  Such  a  system 
could  be  created  using  a  simple  incandescent  light  source. 

The  technique  clearly  illustrates  asymmetries  in  the 
mounting  and  optical  processing  of  resonators,  and  it 
could  be  used  to  optimize  these  parameters.  EerNisse  ef 
a/,  have  shown  [20]  that  mode  shape  and  mode 
location  greatly  influence  the  acceleration  sensitivity  of 
SC-cut  crystals,  and  have  used  selective  mass  loading  to 
improve  their  characteristics.  The  laser  method  could  be 
used,  perhaps  in  conjunction  with  the  selective  deposition 
technique,  as  a  tool  for  determining  the  degree  of 
asymmetry.  This  could  be  incorporated  into  a  process  for 
optimization  of  acceleration  sensitivity. 

Work  for  the  future  could  include  improvement  and 
simplification  of  the  optics,  after  which  further  tests  would 
be  carried  out  on  resonators  of  different  designs,  including 
other  overtone  modes  and  different  plate  geometries. 
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Abstract 

Many  of  the  cleaning  issues  and  processes  used  in  the 
semiconductor  industry  are  also  applicable  to  the 
frequency  control  industry.  The  amount  of  contamination 
control  research  in  the  semiconductor  industry  far 
outweighs  that  in  the  frequency  control  industry;  the 
frequency  control  industry  can  learn  much  from  this 
semiconductor-related  research. 

This  paper  reviews  a  selection  of  papers  from  the  First 
International  Symposium  on  Cleaning  Technology  in 
Semiconductor  Device  Manufacturing  (held  in  October 
1989)  which  are  applicable  to  frequency  control  device 
processing.  The  topics  of  the  43  papers  presented 
included  wet  cleaning  technologies,  dry  cleaning 
technologies,  particles  and  airborne  contaminants,  and  the 
characterization  of  cleaning. 


Introduction 

Contamination  control  is  essential  during  frequency 
control  device  manufacturing  -  as  it  is  during 
semiconductor  device  manufacturing.  In  the 
semiconductor  industry,  it  is  widely  recognized  that  wafer 
cleaning  plays  a  major  role  in  achieving  high  production 
yields  and  device  reliabilities.  Changes  in  cleaning 
technology  are  being  driven  by  progress  towards  higher 
density  devices  in  integrated  circuits.  Environmental  and 
occupational  health  regulations  are  also  requiring  changes. 
Problems  have  been  identified  with  the  use  of  liquid 
chemicals  in  wafer  processing,  as  is  discussed  below.  A 
totally  dry  process  may,  therefore,  be  essential  for  the 
high-yield  processing  of  future  generations  of  integrated 
circuits. 

The  reason  for  this  paper  is  that  many  of  the  cleaning 
issues  and  processes  in  the  semiconductor  industry  are 
applicable  to  the  frequency  control  industry  as  well.  The 
amount  of  contamination  control  research  in  the 
semiconductor  industry  far  outweighs  that  in  the  frequency 
control  industry.  Whereas  in  the  past  the  primary  concern 
in  the  semiconductor  industry  was  inorganic  contamination 
-  while  in  the  frequency  control  industry  it  was 
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(adsorption-desorption  of)  organic  contamination  -  today 
both  types  of  contaminants  are  of  serious  concern  in  both 
industries.  In  quartz  resonators  and  filters,  organic 
contamination  can  cause  aging,  noise,  and  processing  yield 
problems.  Inorganic  contamination  (especially  particles 
and  metal  flakes)  can  cause  nonlinearities  (such  as  high 
starting  resistance  and  intermodulation),  noise,  and  yield 
problems. 

The  First  International  Symposium  on  Cleaning 
Technology  in  Semiconductor  Device  Manufacturing1  was 
held  in  October  1989,  in  Hollywood,  Florida,  as  part  of 
the  176th  Meeting  of  the  Electrochemical  Society.  The 
topics  of  the  43  papers  presented  included  wet  cleaning 
technologies,  dry  cleaning  technologies,  particles  and 
airborne  contaminants,  and  the  characterization  of 
cleaning.  Reviewed  here  are  a  selection  of  papers  that  are 
applicable  to  frequency  control  device  processing. 

Review  and  Discussion 

The  usual  contaminant  of  concern  in  clean  rooms  has 
been  particles.  Until  recently,  little  or  no  attention  has 
been  paid  to  organic  vapors.  Typical  clean  room  air 
handling  systems  filter  the  particles  but  not  the  organic 
vapors.  In  "Airborne  Concentrations  of  Organic  Vapors 
and  Their  Surface  Accumulations  on  Wafers  During 
Processing  in  Clean  Rooms,”  by  A.  J.  Muller  et  al.2  of 
AT&T,  measurements  are  reported  of  the  airborne 
concentrations  and  surface  arrival  rates  of  selected  organic 
species  at  three  manufacturing  locations,  two  rural  and  one 
urban.  The  total  airborne  concentrations  were  found  to  be 
>  100  pg/m3  at  all  three  sampling  locations.  This 
contrasts  with  an  estimated  particulate  mass  concentration 
of  20  ng/m3  in  a  class  100  clean  room,  i.e.,  the  mass  of 
organics  per  unit  volume  of  air  is  about  5,000  times 
greater  than  that  of  particles.  The  results  are  consistent 
with  a  previous  study  (reference  1  of  Muller,  et  al.) 
which  examined  the  airborne  concentrations  of 
semi-volatile  organic  compounds  (10  to  10"4  tore  vapor 
pressure  range)  in  "electronic  equipment  rooms,"  and 
found  typical  values  of  30  pg/m3,  and  values  as  high  as 
1,000  pg/m3  when  construction  was  in  progress. 

The  deposition  velocities  of  organic  molecules  are 
higher  than  those  of  the  typical  clean  room  particles,  due 
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to  the  organics’  much  higher  diffusivity  in  air.  The  arrival 
rate,  i.e.,  the  mass  deposition  rate,  of  organic 
contamination  at  initially  clean  surfaces  will  greatly 
exceed  the  arrival  rate  for  particles.  Species  with  less  than 
about  102  torr  vapor  pressure  can  be  expected  to 
condense  on  surfaces.  Highly  volatile  species,  such  as 
methanol  and  acetone,  are  also  likely  to  be  present  in 
clean  rooms,  and  will  quickly  produce  monolayer  coverage 
on  clean  surfaces,  but  their  high  volatility  will  prevent 
accumulation  much  beyond  a  monolayer. 

A  wide  variety  of  organics  were  identified,  as  is 
shown  in  Table  1.  The  average  concentrations  and  arrival 
rates  for  several  selected  compounds  are  shown  in  Table 
2.  The  total  surface  arrival  rates  for  all  the  organic 
species  that  were  quantified  was  typically  >  2  pg/cnrsec. 
and  was  sometimes  >  20  pg/cm2sec.  To  see  the 
implications  of  such  arrival  rates  for  a  quartz  resonator,  let 
us  assume  an  arrival  rate  of  10  pg/cm2sec,  a  sticking 
coefficient  of  0.5,  a  10  MHz  fundamental  mode  AT-cut 
resonator,  and  a  1  cm2  electrode  area.  The  mass  of  the 
active  area  is  then  44  mg.  and  Af/f  =  Am/m  =  2  X  10  10 
per  second  =  2  X  10  5  per  day.  Therefore,  for  the  highest 
stability,  the  time  that  resonators  are  left  exposed  to  the 
atmosphere,  even  in  a  clean  room,  ought  to  be  minimized. 

Table  1.  Organic  Contaminants  in  Clean  Rooms 


Trichloroe  thane 

Cellosolve  acetate 

Trichloroethylene 

Hexamethylcyclotrisiloxane 

Tetrachloroethylene 

Octamethylcyclotetrasiloxane 

Dichlorobenzenes 

3-Methylhexane 

Benzene 

Trimethylhexane 

Toluene 

Dimethylcyclohexane 

Ethylbenzene 

Tetrachloroe  thane 

Xylenes 

Propylbenzene 

Cj-Alkylbenzcnes 

3-Ethyltoluene 

Methylcyclohexane 

4-Ethyltoluene 

n-Nonane  (Nonane) 

13.5  Trim  ethylbenzene 

n-Decane  (Decane) 

2-Ethyltoluene 

n-Undecane 

1,2,4  Trim  ethylbenzene 

C„-C,6  n-alkanes 

Butyl  acetate 

Werner  Kern,3  Lam  Research  Corp.,  reviewed  "The 
Evolution  of  Silicon  Wafer  Cleaning  Technology." 
"Wafer  cleaning  chemistry  has  remained  essentially 
unchanged  in  the  past  25  years.. .what  has  changed  is  its 
implementation..."  The  cleaning  methods  have  been  based 
on  a  two  step  process.  Standard  Clean  1,  commonly 
referred  to  as  SC-1,  followed  by  Standard  Clean  2,  SC-2. 


Both  are  oxidizing  and  complexing  treatments  with 
hydrogen  peroxide  solutions.  SC-1  is  an  alkaline  mixture; 
SC-2  is  an  acidic  mixture.  SC- 1  removes  organic  films  by 
oxidative  breakdown  and  dissolution,  and  thereby  exposes 
surfaces  for  the  concurrent  or  subsequent  decontamination 
reactions.  SC-2  removes  alkali  ions  and  cations,  and 
metallic  contaminants.  SC-1  also  etches  thermally  grown 
Si02,  at  a  rate  of  about  0.1  nm/min;  SC-2  does  not  etch 
such  an  oxide. 


Table  2.  Concentrations  and  Arrival  Rates 
of  Organic  Contaminants 


Compound 

Arrival  Rate 
(At  Charcoal) 

tHAanhec) 

Concentration 
(Active  Samplers) 

Pt/cm1 

Ambient 
Maas  Transfer 
Coefficient  * 

cm/sec 

Toluene 

j.o  -  s  a  x  i  a7 

O  f  -8.9  x  10* 

0.006  n  65 

Ethylbenzene 

0.7  -  1 3  i  Iff7 

0.2  -  3  7  x  Iff4 

0.02  -  0.43 

Butyl  acetate 

8  9  -  88  x  10  7 

2.6  -  88  x  10* 

0.08  -  14 

Cellosolve  acetate 

4J  -  10.2  x  ur7 

0.6  -  4 2  x  10* 

0.1  -  1.67 

Norune 

0.6  -  1.91  x  Iff7 

0.18  •  4.7  x  10* 

0.14  -  0.44 

Decane 

1 J  -  2.6  x  Iff7 

036-11.91  10* 

0.014  -  046 

•Mm  Transfer  Coefficient  «  Arrival  Rale/Ambicnt  Concentration 


SC-l  is  a  solution  of  5  parts  H20,  1  part  H202,  and  1 
part  NH4OH.  SC-2  consists  of  6  parts  H20,  1  part  H202, 
and  1  part  HCL.  The  water  is  ultrafiltered  and  deionized; 
the  H202  is  30%,  high  purity  and  unstabilized;  the 
NH4OH  is  29%  electronic  grade;  and  the  HCL  is  37% 
electronic  grade.  The  processing  temperatures  are  75°C  to 
80°C. 

The  implementation  methods  have  evolved  from 
simple  immersion  techniques  through  the  incorporation  of 
megasonic  techniques  for  particle  removal,  to  completely 
enclosed  and  automated  systems  in  which  the  wafers  are 
kept  stationary  during  the  entire  cleaning,  rinsing  and 
drying  processes.  The  process  fluids  flow  sequentially  and 
continuously  over  stationary  wafers  loaded  in  cassettes. 
The  recontamination  encountered  when  wafers  are  pulled 
out  from  a  liquid  is  thereby  avoided.  The  megasonic 
cleaning  process  differs  from  the  usual  ultrasonic  process 
in  that  it  uses  sonic  waves  of  850-900  kHz  frequency 
rather  that  the  20-80  kHz  used  in  ultrasonic  cleaners.  The 
pressure  waves  travel  through  the  liquid  parallel  to  the 
wafer  surfaces.  The  pressure  waves’  impact  can  remove 
particles  as  small  as  0.3  pm  diameter  from  surfaces. 
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Kern  also  discussed  rinsing  and  drying  methods,  and 
the  criticality  of  the  rinsing  and  drying  steps.  If  these 
steps  are  not  done  correctly,  the  wafers  become 
recontaminated.  Rinsing  is  „ften  done  with  flowing 
high-purity,  ultrafiltered,  high-resistivity  DI  water,  at  room 
temperature.  Megasonic  rinsing,  and  centrifugal  spray 
rinsing  can  be  advantageous.  Rinsing  in  a  closed  system 
has  the  advantage  that  the  wafers  are  not  removed 
between  the  cleaning,  rinsing  and  drying  steps.  Wafer 
drying  must  be  done  by  physical  removal  of  the  water 
rather  than  by  allowing  the  water  to  evaporate.  Spin 
drying  is  the  most  widely  used  technique.  Hot  forced  air 
drying,  capillary  drying,  and  solvent  vapor  drying,  usually 
with  isopropyl  alcohol  or  nonflammable  azeotropic 
mixtures  which  displace  the  water,  are  also  used. 

As  device  geometries  become  smaller  and  smaller,  the 
cleaning  levels  required  are  becoming  more  and  more 
difficult  to  achieve  with  wet  cleaning  techniques.  The 
particles  contained  in  liquid  chemicals,  and  the  ability  of 
liquids  to  clean  within  small  openings  become  significant 
issues.  The  trend  in  particle  contamination  requirements4 
in  the  integrated  circuit  fabrication  is  summarized  in  Table 
3.  The  generally  accepted  assumption  is  that  maximum 
permissible  defect  size  is  50%  of  the  linewidth. 
Therefore,  for  integrated  circuits  such  as  the  16  MB 
DRAMs,  particles  as  small  as  =  0. 1  pm  in  diameter  will 
cause  problems. 


Table  3.  Evolution  of  Particle  Control  Requirements 


1985 

1988 

1990 

1993 

DRAM 

256K 

1M 

4M 

16M 

(bits) 

Llnewidths 

2.0 

1.0 

0.5 

0.25 

(tun) 

Max.  Defect 
Size  (nm) 

1.0 

0.5 

0.25 

0.125 

In  a  "Review  of  Particle  Control  Methods  During  Wet 
Chemical  Cleaning  of  Silicon  Wafers,”  V.  B.  Menon, 
Sematech,  and  R.  P.  Donovan,5  Research  Triangle  Inst., 
discussed  the  purity  of  cleaning  chemicals,  cleaning 
process  chemistries  and  how  the  various  wet  cleaning 
methods  can  add  particles  to  surfaces,  the  effectiveness  of 
megasonic  cleaning  methods,  and  particle  contamination 
during  rinsing  and  drying  processes.  In  Table  4,  particle 


concentrations  of  "low  particulate  grade"  bottled  chemicals 
are  compared  with  those  of  filtered  and  recirculated 
chemicals.  Continuous  filtration  can  produce  significantly 
lower  particle  concentrations.  While  it  takes  more  than  an 
hour  to  reach  the  steady  state  levels,  after  only  6  to  10 
minutes,  the  concentrations  are  below  that  found  in  bottled 
chemicals.  HF  solutions  are  among  those  that  are  known 
to  add  particles  to  wafers.  Fig.  1  shows  the  particle 
concentration  for  a  buffered  HF  solution  as  a  function  of 
recirculation/filtration  time.  It  took  several  hours  for 
particle  levels  to  stabilize. 

Table  4.  Particles  in  Recirculated  vs.  Bottled  Chemicals 
-  FSI  ChemFill™  Recirculation  System  vs. 
CleanRoom  Low  Particulate  Grade  Chemicals 
(1  Gallon  Bottles)  From  Ashland  Chemical 
Company,  Columbus,  OH 


Operating 

Particles/nl 

>  0. 5  ua 

in 

usa. 

NH.OH 

UjCj 

HC1 

0. 1 

27 

28 

0.06 

0.02 

0.5 

10 

4.3 

0.04 

0.01 

1.0 

7.0 

1.9 

0.03 

0.01 

2.0 

4.6 

0.05 

0.03 

0.01 

4  .  O 

3.1 

0.38 

0.02 

<0.01 

6.0 

2.4 

0.24 

0.02 

<0.01 

0.0 

2.0 

0.  17 

0.02 

<0.01 

Bottled  Chemicals 
Specification 

60 

500 

100 

40 

Figure  1.  Particles  in  Buffered  HF  vs.  Recirculation  Time 


The  rinsing  and  drying  steps  are  major  sources  of 
particulate  contamination.  Cascade  overflow  rinsing  was 
found  to  be  superior  to  methods  such  as  quick-dump  with 
top-spray  rinsing.  The  moving  parts  of  spin  dryers  can  be 
sources  of  particles,  however,  a  good  spin  dryer  can  add 
fewer  than  10  particles  on  a  6-inch  diameter  wafer. 
Isopropyl  alcohol  (IPA)  vapor  dryers  have  the  potential  for 
avoiding  the  particle  generation  problems  of  spin  dryers; 
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however,  the  particles  added  in  IPA  vapor  dryers  so  far 
have  not  been  found  to  be  significantly  lower  than  those 
added  in  a  well  functioning  spin  dryer. 

An  effective  particle  control  strategy  requires:  1) 
stringent  control  of  chemical  purity,  2)  an  understanding 
of  the  wafer-chemical  interactions.  3)  a  rational  rinse  and 
dry  protocol,  and  4)  monitoring  of  particles  in  the 
incoming  chemicals,  the  process  tanks,  the  rinse  tank,  the 
dryer,  and  on  the  wafers. 

In  "Wet  Chemical  Processing  in  a  Trench,"  C.  M. 
Tipton  and  R.  A.  Bowling6  of  Texas  Instruments,  Inc. 
showed  that  etching  and  cleaning  liquids  can  penetrate 
very  small  openings  via  capillary'  forces.  This  work  is 
relevant  to  the  etching  of,  and  cleaning  in,  the  etch 
channels  of  quartz.  The  trenches  investigated  are 
comparable  in  size  to  the  diameters  of  etch  channels,  i.e., 
on  the  order  of  1  pm.  Failure  to  etch  was  observed  only 
at  aspect  ratios  (depth:width)  of  greater  than  450:1. 
Within  a  trench,  liquids  with  higher  surface  tensions  more 
easily  displace  liquids  with  lower  surface  tensions.  For 
example,  on  thermal  Si02  surfaces,  DI  water  (which  was 
found  to  have  a  41°  contact  angle)  will  displace  5%  HF 
(16°  contact  angle)  and  0.5%  buffered  HF  (31°  contact 
angle).  However,  since  DI  water  is  known  to  have  a  very 
low  (=■  4°)  contact  angle  on  clean  quartz,  rinsing  of  the 
etchant  from  etch  channels  presents  a  problem.  The 
surface  tension  of  etchants  can  be  lowered  with 
surfactants.  The  use  of  surfactants,  therefore,  is 
advantageous  not  only  because  it  can  result  in  more 
uniform  etching,  as  was  shown  previously,7,8  but  also 
because  it  enhances  the  rinsing  of  etchants  from  the  etch 
channels. 

In  "Ultra  Clean  Ice  Scrubber  Cleaning  With  Jetting 
Fine  Ice  Particles,"  T.  Ohmori  et  al.,9  Mitsubishi  Electric 
Corp.  and  Taiyo  Sanso  Co.,  describe  a  method  of 
removing  particles,  and  films  of  grease  and  oil  from 
surfaces.  The  contaminants  are  removed  with  a  jet  of 
fine,  ultraclean  ice  particles.  Particles  of  30  pm  to  300 
pm  diameter  are  formed  by  spraying  ultrapure  water  into 
cold  (-80°C  to  -150°C)  nitrogen  gas  that  is  formed  when 
liquid  nitrogen  is  sprayed  into  a  freezing  chamber.  The 
ice  particles  are  sprayed  through  a  jet  nozzle  onto  the 
wafer  surfaces,  as  is  shown  in  Fig.  2.  Table  5  shows  the 
comparative  test  results  for  particle  cleaning  methods. 
Compared  are  the  rates  of  removal  of  standard  0.322  pm 
diameter  polystyrene  particles  from  silicon  wafers. 

Fig.  3  shows  an  explanation  of  the  cleaning 
mechanisms.  Particles  are  removed  due  to  the  impact  of 


the  ice  particles,  including  the  action  of  the  ice  particles 
melting  momentarily  upon  impact.  The  molten  and 
refrozen  ice  particles  can  incorporate  particulate 
contaminants  which  are  removed  by  the  impact  of 
subsequent  ice  particles.  Organic  films  can  become  brittle 
when  the  ice  particles  cool  the  substrate.  The  adhesion 
between  the  film  and  the  substrate  is  weakened  when  the 
substrate  contracts.  The  impact  of  ice  particles  can  then 
break  up  and  remove  the  film.  The  effectiveness  depends 
on  the  melting  point  of  the  film.  Films  with  melting 
points  above  -10°C,  which  includes  fingerprints,  were 
successfully  removed.  Ice  scrubber  cleaning  removed 
fingerprints  and  oil  inks  more  effectively  than  did 
trichloroethylene  or  trichlorotrifluorocthane. 


Table  5.  Comparison  of  Particle  Cleaning  Methods 


r 

I 


Cleaning  Methods 

Removal  Rate 
<%) 

Condition 

Ice  Scrubber 

97.6 

Pressure  3kg/cm>  Angle  80* 

Time  30sec 

94.0 

Pressure  2kg/cm*  Angle  80* 

Time  30sec 

Megasonic 

95.0 

Frequency  950kliz 

Time  lOrain 

Brush  Scrubber 

87.4 

Brush-pressure  O.Sk^/crn1 

Time  40sec 

High-Pressure  Water 

84.4 

Water- Pressure  lOOkg/cm1 

Time  40sec 

Ultrasonic 

83.9 

Frequency  27kHz 

Time  ISmin 

Dry  Ice  Scrubber 

68.9 

Time  30sec 

In  "UV/Ozone  Cleaning  of  Surfaces,"  J.  R.  Vig10 
reviewed  a  dry  cleaning  method  that  can  rapidly  produce 
clean  surfaces,  in  air  or  in  a  vacuum  system,  at  ambient 
temperatures.  Placing  properly  precleaned  surfaces  within 
a  few  millimeters  of  an  ozone-producing  ultraviolet  light 
source  can  produce  near-atomically  clean  surfaces  in  about 
one  minute.  In  addition  to  reference  10,  details  of  this 
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method  can  also  be  found  in  the  Proceedings  of  the  28th 
(1974)  and  29th  (1975)  Annual  Symposium  on  Frequency 
Control  (pp.  96-108  and  pp.  220-229,  respectively). 

f  1 


H^del  1  Reaovtl  of  Model  2  Reaoval  of 

subslcron  particles  organic  flits 


Figure  3.  Ice  Scrubber  Cleaning  Mechanism 

In  "UV-Enhanced  Dry  Cleaning  of  Silicon  Wafers,”  T. 
Ito  et  al„  Fujitsu  Laboratories  Ltd.,  describe  a  dry  cleaning 
method  which  uses  UV-excitcd  high-purity  chlorine  for  the 
removal  of  inorganic  materials,  such  as  metals,  from 
silicon  wafers.  Chlorine  radicals  produced  by  the  UV 
light  react  with  metal  contaminants,  resulting  in  volatile 
chlorine  compounds.  The  technique  also  etches  the  silicon 
wafer  surface  by  means  of  a  process  in  which  the  chlorine 
radicals  diffuse  through  the  thin  native  oxide  and  react 
with  the  silicon  to  form  volatile  silicon  chloride 
compounds,  such  as  SiCl2  and  SiCl4.  The  combination  of 
UV/ozone  and  UV/chlorine  may  form  the  basis  of  a 
completely  dry  cleaning  process.  The  combination  may 
also  be  useful  for  the  final  cleaning  and  frequency 
adjusting  of  quartz  resonators.  The  questions  of  whether 
or  not  the  chlorine  radicals  diffuse  into  the  quartz  surface, 
and  if  yes,  whether  or  not  vacuum  baking  is  capable  of 
removing  such  chlorine,  would  need  to  be  answered  first. 

Large  quantities  of  hydrofluoric  acid  are  used  in  the 
manufacture  of  silicon  semiconductor  devices.  The 
cleanliness  and  the  purity  of  the  HF  used  directly  impacts 
device  yield  and  reliability.  The  practice  of  using 
ultrapure  HF  for  a  short  time  then  discarding  it  creates 
costly  consumption  and  disposal  problems.  J.  Davison  et 
al„  Athens  Corp.  and  Texas  Instruments,  in  "The  Use  of 
Reprocessed  HF  in  Semiconductor  Quartz  and  Wafer 
Cleaning  Operations,"  describe  a  reprocessor  that  was 
developed  to  recycle  and  repurify  the  HF  solutions  used  in 
semiconductor  quartz  and  wafer  cleaning  operations.  Ion 
exchange  and  filtration  are  used  to  remove  ionic  and 
particulate  contaminants.  The  reprocessed  HF  is  ultrapure. 


Conclusion 

Now  that  the  contamination  control  requirements  of 
the  semiconductor  industry  have  become  similar  to  that  of 
the  frequency  control  industry,  the  frequency  control 
industry  can  benefit  from  the  vastly  greater  resources 
being  expended  on  contamination  control  in  the 
semiconductor  industry. 
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ABSTRACT 

Resistivity,  adhesive  strength,  and  residual  stress 
measurements  were  made  of  the  thin  films,  450  A  Cr/1800 
A  Au  and  450  A  Mo/1800  A  Au  deposited  on  optically 
polished,  z-plate  single  crystal  quartz  surfaces.  The  films 
were  analyzed  after  deposition  and  following  annealing  at 
:I80°C  or  450°C  for  .‘10  min  in  either  air  or  vacuum.  The 
resistivity  of  the  Cr/Au  film  increased  by  1090'V  and  1780'V 
after  vacuum  annealing  at  :180°C  and  450°C,  respectively. 
These  increases  were  reduced  when  1000  A  of  Ni  or  Mo  were 
introduced  as  barrier  layers  between  the  Cr  and  Au  to 
prevent  interdiffusion  of  the  two  layers.  The  resistivity  of 
the  Mo/Au  films  remained  unchanged  after  all  annealing 
exposures.  The  Cr/Au,  Cr/Mo/Au,  and  Cr/Ni/Au  films  had 
adhesion  strengths  of  4 1  to  70  MPa  in  both  the  as-deposited 
and  annealed  conditions.  The  adhesive  strength  of  the 
Mo/Au  metallization  was  23  to  31  MPa  except  after  the 
450°C  air  anneal,  where  the  valu»  dropped  to  zero.  The 
residual  stress  of  the  as-deposited  Cr/Au  film  was  170  MPa 
(tensile)  but  became  compressive  at  —120  to  —250  MPa 
after  annealing.  The  Mo/Au  metallization  was  deposited 
with  a  zero  stress  value  that  also  became  compressive  at 
-140  to  -180  MPa. 


INTRODUCTION 

Single  crystal  quartz  has  been  used  in  numerous 
applications  beyond  the  long-established  role  as  a  resonator 
for  oscillator  circuits.  Innovative  designs  of  the  resonant 
cavity  have  given  rise  to  sensors  based  upon  predictive 
changes  of  the  resonant  frequency  caused  by  exposure 
to  external  environments  such  as  high  and  low  temperatures 
or  applied  stresses.  The  result  is  a  new  generation  of 
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components  which  measure  thermal  fluctuations, 
acceleration, and  rate  of  rotation.  The  manufacturing  pro¬ 
cesses,  as  well  as  the  user  environments,  expose  these 
devices  to  many  harsh  conditions  such  as  elevated  temper¬ 
ature.  Although  the  substrate  material,  quartz,  is  stable 
over  extended  temperature  ranges,  the  mechanical  and 
electrical  properties  of  the  thin  film  metallizations  used  to 
provide  the  electric  field  are  not  necessarily  so,  resulting  in 
possible  changes  to  the  resonator  performance. 

The  thin  film  electrodes  used  on  piezoelectric  reso¬ 
nators  typically  contain  at  least  two  layers.  The  first  is  a 
deposit  of  100  to  500  A  of  metals  such  as  Cr  or  Mo  which 
promote  adhesion  between  the  substrate  and  the  second, 
more  highly  conductive  layer  which  is  usually  Au  of  1000  to 
2000  A  thick.  Exposing  these  multilayer  films  to  elevated 
temperature  during  subsequent  processing  and  use  of  the 
device  can  cause  interdiffusion  of  the  layers.  Interdiffusion 
potentially  changes  the  resistivity,  adhesion,  and  residual 
stress  of  the  films  which  can  degrade  the  device  perfor¬ 
mance.  This  investigation  examined  the  resistivity,  adhe¬ 
sion,  and  residual  stress  of  thin  films  deposited  on  single 
crystal  quartz  substrates. 

Experimental  Procedures 

A.  Candidate  films  and  heat  treatments.  The 

two  metallizations  of  principal  interest  were:  (1)  450  A  of 
Cr  (on  the  quartz)  with  1800  A  of  Au  and  (2)  450  A  of  Mo 
(on  the  quartz)  followed  by  1800  A  of  Au.  Included  in  this 
investigation  were  variations  to  the  Cr/Au  films  in  which 
barrier  layers  of  1000  A  Ni  or  1000  A  Mo  were  introduced 
between  the  Cr  and  Au  layers.  Also  examined  was  a  pure  Au 
film,  1800  A  thick. 

The  heat  treatment  parameters  were  selected  to 
coincide  with  secondary  processing  steps  common  to  sensor 
assembly  and  use.  A  matrix  of  annealing  conditions  was 
created  from  temperatures  of  380°C  and  450°C,  a  time 
period  of  30  min,  and  atmospheres  of  lab  air  or  vacuum 
(<2X  10  6  torr). 
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B.  Deposition  parameters.  The  films  were  de¬ 
posited  by  electron  beam  evaporation.  A  multi-source  turret 
hearth  permuted  the  sequential  deposition  of  multiple 
layers  without  breaking  vacuum.  Deposition  rates  for  (1) 
Mo,  5  +  1  A  /sec;  (2)  Cr,  5  ±  1  A  /sec;  (3)  Ni,  4  ±  1  A  /sec;  and 
(4)  Au,  7  ±  1  A  /sec  were  selected  for  their  stability,  ease  of 
control,  and  minimal  heat  loading  to  the  substrates.  The 
background  pressure  was  maintained  below  5X10  6  torr 
during  all  depositions.  Final  film  thicknesses  were  deter¬ 
mined  by  contact  surface  proiilometry  of  partially  shad¬ 
owed  fused  silica  plates. 

The  substrates  for  the  resistivity  measurements  were 
preheated  in  the  vacuum  chamber  to  200°C  for  60  min  with 
this  temperature  being  maintained  during  the  deposition. 
The  substrates  used  to  acquire  the  adhesion  strength  and 
residual  stress  data  were  not  heated. 

All  substrates  were  cleaned  by  (a)  degreasing  in 
Freon  vapor,  (b)  ultrasonic  agitation  in  acetone,  (c)  ultra¬ 
sonic  agitation  in  ethanol,  and  (d)  then  blown  dry  with 
nitrogen. 

C.  Resistivity  measurements.  The  substrates 
were  single  crystal  quartz  plates  measuring  26.2  X  24.4  X 
0.152  mm.  The  surfaces  on  which  the  films  were  deposited 
were  normal  to  the  z-direction  (0001)  and  optically  polished. 
The  metal  films  were  deposited  through  an  aperture 
(shadow)  mask  to  form  8  lines  on  the  quartz  blank,  each 
measuring  10.2  mm  long  and  1.27  mm  wide.  The  geometry 
of  the  films  and  substrate  appear  in  Fig.  1. 

Two  wafers  were  deposited  with  each  metallization 
type  in  the  same  run.  The  resistivities  of  the  8  strips  on  each 
wafer  were  measured;  an  average  value  was  calculated  for 
each  group  of  4  strips.  The  wafers  were  then  broken  in  half 
so  as  to  separate  each  of  the  groups  of  4  strips.  Each  group 
was  then  exposed  to  one  of  the  4  annealing  treatments.  This 
procedure  ensured  that  the  data  was  taken  from  films 
deposited  in  the  same  run.  Furthermore,  it  allowed  for  a 
precise  comparison  between  the  as-deposited  resistivity  and 
the  value  after  heat  treatment. 

The  resistance  of  each  film  was  measured  by  the 
four-point  probe  technique.  To  insure  electrical  contact  to 
the  film  while  preventing  mechanical  damage,  osmium 
tipped,  light  load  probes  were  used.  The  two  outer  probes, 
which  supplied  a  direct  current  of  45.3  mA,  were  7.6  mm 
apart.  The  voltage  probes  were  spaced  5.1  mm  apart, 
collinear  with  the  current  probes.  The  resistivity  was  calcu¬ 


lated  using  the  expression  RxA/L,  where  R  is  the  measured 
resistance  (ohms),  A  is  the  cross  sectional  area  of  the  strip 
(thickness  times  1.27x10  3;  m2),  and  L  is  the  separation 
between  the  voltage  probes  (5.1  X  10  *  m).  The  data  spread 
quoted  with  each  average  value  denotes  plus-or-minus  one 
standard  deviation  of  the  results. 

D.  Adhesive  strength  measurements.  The  sub 

strates  used  for  these  tests  were  quartz  plates  measuring 
17. 8x  17. 8x  1.60  mm.  The  surrace  on  which  the  films  were 
deposited  was  optically  polished  and  oriented  perpendicu¬ 
lar  to  the  z-direction.  A  total  of  15  substrates  were  coated 
with  each  metallization  type.  Three  of  the  substrates  were 
used  to  test  the  film  in  the  as-deposited  condition.  The 
remaining  substrates  were  separated  into  4  groups  of  3 
samples.  Each  group  was  subject  to  one  of  the  4  heat 
treatments  from  the  matrix  outlined  in  section  A. 

The  adhesive  strength  was  measured  by  the 
Sebastian  method,  which  is  diagrammed  in  Fig.  2.  An 
aluminum  pin  with  a  flared  base  2.5  mm  in  diameter  was 
bonded  to  the  film  surface  with  an  epoxy  which  was  cured 
by  heating  the  unit  in  an  air  oven  at  150°C  for  60  min.  The 
sample  was  then  placed  into  the  tester,  which  pulled  the  pin 
from  the  substrate.  The  force  measured  by  a  load  cell 
combined  with  the  footprint  of  the  pin  determined  the 
stress  (normal  to  the  film)  at  failure  which  is  displayed  on 
the  instrument.  The  failure  mode  of  the  bonds  was  noted  to 
validate  the  reading.  Typically,  three  tests  were  performed 
on  each  sample  for  a  maximum  of  9  tests  per  exposure 
condition.  Resistivity  and  Auger  depth  profile  analysis  of 
as-deposited  films  subjected  to  the  epoxy  curing  cycle 
demonstrated  no  significant  change  to  either  property. 
These  results  were  used  to  infer  that  the  epoxy  curing  cycle 
did  not  change  the  film  character.  The  values  presented  in 
this  report  are  the  average  stresses;  the  accompanying  error 
range  represents  plus-or-minus  one  standard  deviation  of 
the  data. 

E.  Residual  stress  measurements.  The  sub¬ 
strates  were  single  crystal  quartz  beams  measuring  76X 13X 
0.79  mm  with  the  broad  surfaces  perpendicular  to  the  z- 
direction.  Both  sides  of  the  extended  surfaces  were  optically 
polished. 

The  magnitude  of  the  residual  stress  was  calculated 
from  the  curvature  of  the  beam  measured  in  a  large  optics 
Michelson  interferometer  built  at  Sandia  National  Labora¬ 
tories  [1].  Digital  image  analysis  and  the  specially  designed 


Figure  1.  Substrate  and  metallization  geometries  for  resistivity  test  samples 
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Figure  2.  Substrate  geometry  and  assembly  procedure  for  adhesive  test  samples. 


hardware  made  it  possible  to  measure  very  small  radii  of 
curvature  (on  the  order  of  1  km).  Small  changes  in  curva¬ 
ture  resulting  from  thin  films  deposited  on  relatively  thick 
substrates  allowed  for  the  calculation  of  the  film’s  residual 
stress  without  the  need  to  know  the  film’s  elastic  modulus. 
The  equation  used  to  calculate  the  film  stress  is  given  below 
(for  details,  see  the  analytical  analysis  in  Reference  1): 

<rt  =  Estf/(6R„)  [  (ta/tf)2  —  t„/tf  +  6(Ef/Ea)(yf/tf)]  (1) 

where  tf  is  the  film  thickness,  ts  is  the  substrate  thickness, 
Ef  is  the  film  modulus,  Eg  is  the  substrate  modulus,  R„  is  the 
radius  of  curvature  at  the  film/substrate  interface,  and  yf  is 
the  position  in  the  film  (at  which  the  stress  is  being 
calculated)  as  measured  from  the  film  center  plane  towards 
the  film/substrate  interface.  The  maximum  stress  will  be  at 
the  interface;  that  is  where  yf/tf  is  0.5.  A  very  thin  film  and 
a  thick  substrate  cause  the  third  term  in  the  square  brackets 
of  equation  (1)  to  be  negligible  with  respect  to  the  other  two 
terms.  Therefore,  it  is  not  necessary  to  know  the  film 
modulus  in  order  to  calculate  the  film  stress.  The  modulus 
of  the  quartz  beam  was  calculated  from  available  data  and 
confirmed  in  the  same  apparatus  by  applying  known  forces 
to  the  beam  and  recording  the  resulting  curvature. 

A  layer  of  1800  A  of  Au  was  deposited  on  one 
surface  of  the  beam  to  form  the  reflecting  layer  from  which 
to  measure  the  curvature.  The  substrate  was  then  heated  at 
450°C  for  1  hour  to  stabilize  the  Au  film.  The  thin  film  of 
interest  was  then  deposited  on  the  other  side.  A  total  of  4 
beams  were  deposited  with  each  metallization  at  the  same 
time.  An  average  curvature  and  error  term  based  upon  one 
standard  deviation  were  calculated  from  the  4  beams. 

F.  Auger  depth  profile  measurements.  Auger 
depth  profiles  were  made  of  each  of  the  films  in  the 
as-deposited  condition  as  well  as  after  each  of  the  annealing 


treatments.  Deposition  of  the  films  was  at  200°C.  Sputter¬ 
ing  was  performed  by  an  argon  ion  beam.  Surface  sputtering 
followed  by  signal  detection  provided  a  (qualitative)  chem¬ 
istry  profile  of  the  film  layer. 

Results  and  Discussion 

A.  Resistivity.  Shown  in  Table  1  are  the  as- 
deposited  resistivity  data  from  two  separate  deposition  runs 
of  each  metallization.  These  values  correspond  to  measured 
resistances  of  approximately  0.5  to  0.6  ohms  over  the  line 
geometries  described  in  Fig.  1.  An  estimate  of  the  percent 
error  introduced  by  the  measurement  technique  is  approx¬ 
imately  6% .  Therefore,  the  different  values  of  resistivity  for 
each  film  indicated  a  real  variation  between  the  two  sepa¬ 
rate  runs.  The  effect  of  deposition  temperature  on  film 
resistivity  was  investigated  by  evaporating  the  films  at 
ambient  temperature  (<30°C),  measuring  the  resistivity 
after  coating,  annealing  the  films  at  200°C  for  30  min,  and 
finally  performing  a  second  resistivity  measurement.  The 
results  are  outlined  in  Table  2.  It  was  apparent  that  the 
run-to-run  variations  of  resistivity  exemplified  in  Table  1 
were  comparable  to  the  change  in  resistivity  due  to 
(1)  changing  the  substrate  temperature  from  ambient  to 
200°C  during  deposition,  or  (2)  by  the  low  temperature 
annealing  (200°C,  30  min)  of  the  film  deposited  at  ambient 
temperature. 

The  percent  resistivity  changes  as  a  result  f  the 
heat  treatments  are  presented  in  Table  3.  The  results  of  the 
Auger  depth  profiles  will  also  be  discussed.  The  Au  and 
Mo/Au  films  showed  resistivity  decreases  for  all  heat  treat¬ 
ments.  No  interdiffusion  between  the  Mo  and  Au  layers 
was  observed.  This  observation  is  confirmed  by  the  phase 
diagram  of  the  Au-Mo  couple  [2],  which  shows  only  the 
terminal  solid  solutions  of  (1)  maximum  1.25  at.%  Mo  in  Au 
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and  (2)  maximum  0.4  at.',  Au  in  Mo  for  a  simple  eutectic 
without  intermediate  intermetallic  compounds  for  the  an¬ 
nealing  temperatures.  The  trend  of  decreasing  resistivity 
with  annealing  was  probably  caused  by  changes  to  the 
microstructure  of  the  films  [3,4,51.  The  Mo/Au  film  surface 
retained  a  golden  color  except  after  annealing  at  450°C  in 
air,  where  some  blistering  caused  the  surface  to  darken 
slightly  (Fig.  3a).  The  blistering  was  initiated  with  air 
entering  the  film  and  oxidizing  the  Mo  layer.  Certain  oxides 
of  Mo  (e.g.,  Mo03)  are  volatile  at  450°C  [6],  Vapor  forma¬ 
tion  caused  the  Au  layer  to  burst  and  form  blisters.  Trace 
Mo  was  observed  on  the  film  surface  by  Auger  analysis; 
suggesting  that  the  analyzed  area  included  blisters. 

The  discontinuities  introduced  into  the  film  by  the 
blisters,  did  not  affect  the  resistivity.  However,  experiments 
in  which  such  films  were  annealed  in  air  at  500°C  for  180 
min  showed  large  resistivity  increases  as  the  blisters  grew  in 
size  (Fig.  3b). 


The  Cr/Au  film  experienced  large  resistivity  in¬ 
creases  of  1130',  and  1090',  after  annealing  at  380°C  for 
30  min  in  air  and  vacuum,  respectively.  Those  values 
climbed  to  2240'’,  and  1780',  ,  respectively,  when  the  heat 
treating  temperature  was  increased  to  450°C.  This  general 
increase  of  resistivity  was  caused  by  the  diffusion  of  Cr  into 
Au  as  demonstrated  by  a  comparison  of  the  Auger  depth 
profiles  shown  in  Fig.  4.  The  low  resistivity  of  the  Au  film, 
2.3X10~6  ohm-cm  [7],  was  severely  degraded  by  the  Cr, 
which  has  a  resistivity  of  36. 6x  10  6  ohm-cm. 

The  air  annealed  films  had  slightly  higher  resistivity 
increases  as  opposed  to  the  vacuum  annealed  specimens. 
Oxidation  of  the  Cr  within  the  Au  layer  was  not  extensive  as 
observed  by  the  Auger  analysis.  Therefore,  it  appears  that 
the  oxidation  of  the  Cr  at  the  film  surface  increased  the 
amount  of  Cr  entering  the  Au  layer.  The  surfaces  of  the 
films  developed  a  gray  tint  indicative  of  Cr  and  which 
darkened  as  the  annealing  temperature  was  increased  for 


Table  1.  Resistivity  of  metallizations  deposited  at  200°C  in  two 
separate  runs 


Film 

Resistivity  x  1 0  Q-m 
200C  Deposit  Temp. 

1800  A  Au 

2.39*0.02, 

4.53*0.04 

450  A  Mo/ 1800  A  Au 

4.04*0.05, 

3.98*0.03 

450  A  Cr/ 1800  A  Au 

3.59*0.04, 

5.64*0. 10 

450  A  Cr/ 1000  A  Mo/ 1800  A  Au 

5.24*0.03, 

6.50*0.05 

450  A  Cr/ 1000  A  Ni/1800  A  Au 

5.44*0.03, 

5.28*0.04 

Table  2.  Resistivity  of  metallizations  deposited  at  room  temperature 
in  two  separate  runs  and  then  annealed  in  air  at  200°C  for  30  min 


Film 

Resistivity  x10~*£2m 

R.T.  Dep.-^  200C,  30  min.,  air 

1800  A  Au 

3.81*0.03 

3.31*0.03 

450  A  Mo/ 1800  A  Au 

4.24*0.02 

3.90*0.02 

450  A  Cr/ 1800  A  Au 

4.71*0.02 

5. 10*0. 10 

450  A  Cr/ 1000  A  Mo/ 1800  A  Au 

7.59*0.04 

6.95*0.07 

450  A  Cr/ 1000  A  Ni/1800  A  Au 

6.33*0.07 

5.28*0.06 

Table  3.  Percent  change  of  resistivity  of  metallizations  deposited  at 
200°C 


Film 

380C. 

air 

Percent  Change  (%) 

30  min  450C,  30  min 

vac.  air  vac. 

1800  A  Au 

-2.4 

-2.6 

-8.4 

-8.8 

450  A  Mo/ 1800  A  Au 

-3.8 

-9.0 

-9.4 

-9.4 

450  A  Cr/ 1800  A  Au 

1130 

1090 

2240 

1780 

450  A  Cr/1000  A  Mo/ 1800  A  Au 

-4.3 

-9.4 

992 

914 

450  A  Cr/1000  A  Ni/ 1800  A  Au 

416 

38.0 

715 

496 
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(a)  at  •lf>l*°C  tor  30  min 


(  b)  at  f>0< >°( '  tor  ISO  min 


Figure  3.  Optical  micrographs  of  blisters  on  Mo/Au  films  annealed  in  air 
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(a)  after  deposition 

Figure  4.  Auger  depth  profile  of  the  Cr/Au  film 


ETCH  TIME  (sec) 

(b)  following  annealing  in  air  at  450°C  for  30  min 


both  air  and  vacuum  conditions. 

For  the  f’r/Mn/Au  film,  resistivity  decreases  were 
observed  after  annealing  at  3H0°C.  The  values  following  the 
air  and  vacuum  anneals  at  this  temperature  were  nearly  the 
same  as  those  observed  for  the  Mo/Au  film.  The  Cr/Mo/Au 
film  behaved  similarly  to  the  Mo/Au  because  the  Mo  layer 
prohibited  the  interdiffusion  of  the  Cr  and  Au  layers. 
However,  raising  the  annealing  temperature  to  4f>0°C 
caused  the  Mo  barrier  to  break  down.  Shown  in  Fig.  5  is  the 
Auger  depth  profile  of  (a)  the  as-deposited  Cr/Mo/Au  film 
and  (b)  that  of  the  film  after  annealing  at  45()°C  in  air. 
These  profiles  clearly  show  the  movement  of  both  Au  and 
Cr  past  the  Mo  layer.  No  interdiffusion  was  observed  in  the 
Mo/Au  films  at  either  of  the  annealing  temperatures.  There¬ 
fore,  it  appears  that  the  Cr  moved  through  the  Mo  barrier 
first,  thereby  providing  a  path  by  which  the  Au  passed 


through  the  Mo  barrier  back  towards  the  quartz.  The 
Cr-Mo  phase  diagram  [H|  shows  a  continuous  solution 
without  intermediate  phases  and  a  (calculated)  miscibility 
gap  below  H80°('  which  may  permit  solutions  of  5  at.'.  Mo 
in  Cr  and  1)  at.' .  Cr  in  Mo  to  form.  This  was  apparently  the 
case  for  the  Cr-Mo  couple. 

The  slightly  higher  resistivity  change  of  air  versus 
vacuum  annealing  (45()°C)  was  not  caused  by  oxidation  of 
Cr  within  the  Au  layer.  The  oxide  signal  in  Fig.  oh  follows 
the  Mo  signal  with  a  magnitude  similar  to  the  as-deposited 
case  (Fig.  5a).  A  change  to  the  appearance  of  the  film  was 
noted  only  after  annealing  at  450°C  at  which  point  a  gray 
tint  was  observed  on  the  surface.  This  gray  tint  was  prob¬ 
ably  due  to  the  oxidation  of  Cr  and  a  roughening  of  the 
surface.  Blistering  was  not  observed.  Therefore,  an  enhance¬ 
ment  of  the  amount  of  Cr  in  the  Au  layer  after  air  annealing 


211 


(a)  after  deposition  (b)  following  annealing  in  air  at  450°C  for  30  min 

Figure  5.  Auger  depth  profile  of  the  Cr/Mo/Au  film 


Figure  6.  Auger  depth  profile  of  Cr/Ni/Au  film 
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versus  vacuum  annealing  caused  the  higher  resistivity 
changes  of  the  former  case 

The  Ni  layer  proved  to  be  a  poor  barrier  between  the 
Cr  and  the  Au.  Resistivity  increased  under  all  annealing 
conditions.  The  Auger  depth  profdes  representing  the  as- 
deposited  film;  the  fdm  annealed  at  380°C  in  air;  and  the 
profile  of  the  film  following  a  450°C  air  heat  treatment  are 
shown  in  Fig.  6.  The  resistivity  increases  at  380°C  were  due 
largely  to  the  interdiffusion  of  Ni  into  the  Au  layer.  At 
450°C,  the  Cr  layer  which  was  relatively  inactive  at  380°C, 
alloyed  with  the  newly  formed  Ni-Au  layer  and  caused 
7 15 '7  and  496 '<  resistivity  increases  for  air  and  vacuum 
annealing,  respectively.  The  resistivity  values  were  higher 
after  air  annealing  than  when  done  in  vacuum  for  both 
temperatures.  Oxidation  of  the  Ni  and  Cr  components 
following  air  annealing  was  observed  at  the  film  surface  but 
not  in  the  film  interior.  Therefore,  the  oxidation  of  Ni 
and/or  Cr  on  the  surface  enhanced  the  diffusion  of  either 
species  (depending  on  the  temperature)  into  the  Au  layer, 
causing  the  larger  resistivity  increases  for  air  versus  vacuum 
annealing. 

Air  annealing  caused  the  film  surface  to  develop  an 
orange  hue  at  380°C  which  darkened  to  a  brownish  color  at 
450°  C.  The  various  colors  were  caused  by  the  oxidation  of 
the  Ni  and  Cr  layers  on  the  surface. 

In  conclusion,  the  Mo/Au  film  resulted  in  no  in¬ 
crease  to  the  resistivity  under  the  prescribed  heat  treat¬ 
ments.  Mo  also  prevented  a  resistivity  increase  in  the 
Cr/Mo/Au  films  by  acting  as  a  barrier  to  the  interdiffusion 
of  Cr  and  Au.  The  Mo  barrier  became  ineffective  at  the 
450°C  annealing  temperature.  Replacing  Mo  with  Ni  re¬ 
sulted  in  extensive  interdiffusion  between  Ni  and  Au  at 
380°C  as  well  as  between  Cr  and  the  Ni-Au  layer  at  450°C. 
Although  the  resistivity  of  the  Cr/Ni/Au  films  increased  in 
all  cases,  the  increases  were  less  than  those  observed  with 
the  Cr/Au  films.  Surface  oxidation-enhanced  diffusion  of  Cr 
or  Ni  components  caused  slight  increases  to  the  resistivity 
values  of  the  air  annealed  samples  as  compared  to  the 
vacuum  annealed  films. 

B.  Adhesive  strength  tests.  The  adhesion  test 
results  appear  in  Table  4.  A  particular  pull  test  was  consid¬ 
ered  a  valid  datum  if  (1)  the  machine  failed  to  pull  the  pin 
off  of  the  specimen  prior  to  reaching  the  maximum  load,  (2) 

Table  4.  Adhesive  strength  of 

temperature  and  annealed 


fracture  took  place  in  the  epoxy  film  at  a  stress  in  excess  of 
9000  psi  (which  is  approximately  90 r<  of  the  load  capacity 
of  the  machine),  or  (3)  the  film  separated  from  the  substrate 
at  any  stress  level. 

The  1800  A  Au  film  did  not  adhere  to  the  quartz 
substrate  in  the  as-deposited  state  or  following  any  of  the 
heat  treatments.  These  tests  were  made  to  demonstrate  that 
reported  adhesion  values  are  not  anomalously  high  due  to 
epoxy  reaching  the  substrate  through  defects  (pinholes)  in 
the  metallizations. 

The  Mo/Au  film  showed  an  as-deposited  strength  of 
25  ±  17  MPa.  The  strength  value  remained  unchanged  after 
all  of  the  heat  treatments  except  the  450°C  air  anneal  in 
which  the  adhesion  stress  dropped  to  zero.  The  blistering  of 
the  film  resulted  in  the  oxidation  of  the  underlying  Mo  layer 
(beyond  the  actual  open  areas).  The  powdery  character  of 
remaining  Mo  oxide  provided  inadequate  adhesion  between 
the  Au  layer  and  the  quartz. 

The  Cr/Au  films  showed  an  as-deposited  adhesive 
strength  of  48  ±10  MPa.  The  value  increased  to  the 
machine  limit  of  70  MPa  after  annealing  at  380°C  in  both 
air  and  vacuum.  The  values  dropped  slightly  following  the 
450°C  annealing  treatments.  These  results  clearly  indicate 
that  in  spite  of  the  large  degree  of  intermixing  between  the 
Cr  and  Au  layers,  the  Cr/Au  alloy  film  retained  exceptional 
adhesive  strength. 

The  Cr/Mo/Au  had  an  as-deposited  adhesive 
strength  of  56  ±  10  MPa,  which  was  statistically  similar  to 
that  of  the  Cr/Au  film.  This  was  expected  because  in  both 
cases,  the  Cr  layer  was  providing  the  adhesion.  The  values 
remained  effectively  unchanged  for  films  after  each  of  the 
heat  treatments. 

The  results  of  the  Cr/Mo/Au  system  have  also  re¬ 
sulted  in  some  added  insight  into  the  Cr/Au  system.  For 
example,  the  Mo  layer  was  an  effective  barrier  to  the 
interdiffusion  of  Cr  and  Au  at  the  380°C  annealing  temper¬ 
ature.  Yet  the  adhesive  strength  of  the  annealed  Cr/Au 
films  exceeded  those  of  the  Cr/Mo/Au  films.  Therefore, 
since  the  Au  component  of  the  alloyed  Cr-Au  film  is  not 
expected  to  add  any  adhesive  strength,  the  elevated  tem¬ 
perature  appears  to  enhance  the  adhesion  between  the  Cr 
component  of  the  intermixed  Cr/Au  film  and  the  quartz 
substrate.  At  450°C,  the  Mo  barrier  of  the  Cr/Mo/Au  film 
broke  down  and  the  Cr  andAu  intermixed.  The  resulting 

metallizations  deposited  at  room 


Film 

As— 

Depos. 

Adhesive  Strength 

380C,  30  min 
air  vac. 

(MPa) 

450C,  30  min 
air  vac. 

1800  A  Au 

0 

0 

0 

0  0 

450  A  Mo/ 1800  A  Au 

254:17 

294:13 

314:10 

0  23414 

450  A  0/1800  A  Au 

48410 

>70* 

>70* 

61412  6847.0 

450  A  0/1000  A  Mo/ 1800  A  Au 

564:10 

574:12 

414:23 

64410  56410 

450  A  0/1000  A  Ni/1800  A  Au 

654:3.0 

654:8.0 

6644.0 

6942.0  6944.0 

•  Machln#  limit. 
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adhesion  was  not  significantly  different  from  that  of  the 
Cr/Au  films  after  similar  annealing. 

The  adhesive  strength  data  of  the  Cr/Ni/Au  films 
exhibited  no  change  from  the  as-deposited  value  of 
65  ±3  MPa  in  spite  of  the  interdiffusion  observed  at  the 
annealing  temperatures.  The  as-deposited  strength  was 
significantly  larger  than  that  of  the  Cr/Au  films.  This 
observation  clearly  indicated  that  even  with  similar  layers 
(Cr)  next  to  the  substrate,  the  adhesive  strength  of  a 
multilayer  film  is  affected  by  all  of  the  individual  layers. 

In  conclusion,  the  Cr/Au,  Cr/Ni/Au,  and  Cr/Mo/Au 
films  exhibited  excellent  adhesive  strengths  in  the  as- 
deposited  condition  as  well  as  after  each  of  the  heat  treat¬ 
ments.  The  Mo/Au  metallization  had  generally  lower 
strength  values  with  severe  degradation  to  the  film  adher¬ 
ence  after  air  annealing  at  450°C  due  to  oxidation  and  loss 
of  the  Mo  underlayer  by  blistering. 

C.  Residual  stress  measurements.  The  resid¬ 
ual  stress  data  of  the  Mo/Au  and  Cr/Au  films  are  listed  in 
Table  5.  The  Mo/Au  metallization  had  practically  no  stress 
in  the  as-deposited  condition  while  the  Cr/Au  film  had  a 
tensile  stress  of  170  ±30  MPa.  For  both  cases,  however,  the 
film  stresses  became  compressive  upon  annealing. 

The  Cr/Au  data  clearly  showed  that  the  residual 
stress  magnitudes  were  larger  following  air  annealing  than 
after  heat  treating  in  vacuum;  the  difference  was  relatively 
small  at  380°C  and  larger  at  450°C.  Assuming  that  the 
residual  stress  changes  were  caused  by  interdiffusion  be¬ 
tween  the  Cr  and  Au,  then  the  residual  stress  magnitudes 
indicate  that  mixing  was  larger  during  air  annealing  than 
after  vacuum  heat  treatment,  thereby  confirming  the  expla¬ 
nation  of  surface  oxidation  enhanced  diffusion  of  Cr  into  Au 
used  to  explain  a  similar  trend  in  the  resistivity  results 
noted  earlier.  However,  the  substrate  curvature  may  also 
reflect  a  volume  expansion  at  the  film  surface  due  to 
oxidation  which  would  appear  as  a  greater  compressive 
residual  stress  than  noted  after  vacuum  annealing.  Further 
tests  are  needed  to  determine  how  air  annealing  enhanced 
the  film  stress  as  compared  to  vacuum  heat  treatment. 

No  appreciable  difference  in  the  magnitude  of  the 
residual  stress  was  observed  for  the  Mo/Au  film  after 
air  annealing  at  450°C,  in  spite  of  the  severe  structural 
degradation. 

An  important  result  of  these  tests  on  the  Cr/Au  film 
is  that  although  they  were  deposited  in  tension,  after  heat 


treatment  they  became  compressive.  This  implies  that  at 
some  point,  the  stress  became  zero.  Electron  beam  deposi¬ 
tion  techniques  offer  very  little  control  of  the  properties 
ofthe  film,  in  particular  the  residual  stresses.  The  data  in 
Table  5  show  that  annealing  programs  can  be  implemented 
to  control  the  film  stress  for  optimum  device  performance. 

Summary 

1.  The  resistivity  and  adhesive  strengths  were  mea¬ 
sured  for  four  multilayer  films  which  were  electron 
beam  deposited  on  optically  polished,  z-plate  single 
crystal  quartz  surfaces.  Measurements  were  also 
made  after  tb'-  Urns  had  been  vacuum  and  air 
annealed  at  380°C  or  450°C  for  30  min. 

2.  The  450  A  Cr/1800  A  Au  films  exhibited  extensive 
interdiffusion  during  all  heat  treatments.  Resistiv¬ 
ity  increases  of  1 090  rf  and  1780f<  resulted  from 
vacuum  annealing  at  380°C  and  450°C,  respectively. 
These  increases  were  reduced  significantly  when 
barrier  layers  of  Mo  and  Ni  were  introduced  be¬ 
tween  the  Cr  and  Au. 

3.  The  450  A  Cr/1800  A  Au,  450  A  Cr/1000  A 
Ni/1800  A  Au,  and  450  A  Cr/1000  A  Mo/1800  A 
Au  films  showed  adhesive  strengths  in  the  range  of 
41  to  70  MPa  in  both  the  as-deposited  and  annealed 
conditions.  The  adhesive  strength  of  the  Mo/Au 
film  was  in  the  range  of  23  to  31  MPa  except  after 
the  450°C,  air  anneal  where  the  value  dropped  to 
zero. 

4.  The  residual  stress  of  the  as-deposited  450  A  Cr/ 
1800  A  Au  was  tensile  at  170  ±  30  MPa  and  became 
compressive  after  each  heat  treatment.  The  residual 
stress  of  the  450  A  Mo/1800  A  Au  film  was  approx¬ 
imately  zero  and  became  compressive  following  heat 
treatment.  These  results  indicate  the  ability  to 
control  film  stresses  by  thermal  annealing. 
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Table  5.  Residual  stress  of  metallizations  deposited  at  room  temper¬ 
ature  and  annealed 


Film 

As— 

Depos. 

Film  Residual  Stress  (MPa) 

380C,  30  min  450C,  30  min 

air  vac.  air  vac. 

450  A  Cr/1800  A  Au 

170  cr) 

120  (C)  83  (C) 

250  (C)  180  (C) 

±30 

±30  ±60 

±30  ±30 

450  A  Mo/ 1800  A  Au 

7  0) 

±40 

•  * 

180  (C)  140  (C) 
±30  ±30 
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ABSTRACT 


As  part  of  a  research  effort  with  the  U.S.  Army 
LABCOM,  we  have  conducted  a  series  of  parametric 
experiments  to  examine  several  process  variables 
and  their  effect  upon  the  production  of  quartz 
crystals  by  hydrothermal  growth.  The  experiments 
were  designed  with  the  aid  of  a  computer  software 
package  which  allowed  for  the  examination  of  not 
only  the  effects  of  individual  variables,  but  the 
interactions  among  them.  Some  of  the  advantages 
and  disadvantages  of  designed  experiments  are 
discussed. 


As  the  requirements  for  electronic  devices  become 
more  critical,  so  too  do  the  requirements  placed 
upon  the  materials  from  which  they  are  produced. 

If  the  crystal  growing  industry  is  to  meet  these 
requirements,  a  thorough  understanding  of  the 
growth  process  is  needed. 

As  part  of  a  research  effort  with  the  U.S.  Army 
Laboratory  Command,  we  have  been  conducting  a 
research  project  to  develop  the  technology  to 
produce  high  purity,  low  defect  cultured  quartz, 
so  as  to  meet  the  future  materials  requirements  of 
the  electronics  industry.  The  particular  material 
goals  are: 


Table  1 


Etch  channel  density: 

<10/ cm2 

Inclusion  density: 

<10/bar 

Impurity  concentrations  (ppb) 

Al: 

<200 

Li: 

<300 

Na: 

<500 

K  : 

<  40 

Fe: 

<100 

Q  (3500/3800  cm"1): 

>2.5  X  106 

Strain: 

none 

Fringe  distortion: 

<0.05  RMS 

CH2818/3/90/0000-216  $1,000  1990  IEEE 


Phase  one  of  this  research  was  designed  to 
determine  the  limits  of  existing  sodium  carbonate 
technology.  In  particular,  this  effort  involved 
the  use  of  a  noble  metal  liner  and  high  purity 
inputs  in  a  production  autoclave.*  Through  the 
use  of  these  techniques  we  were  able  to  achieve 
the  following: 


Table  2 


Etch  channel  density: 

<86/cm2 

Inclusion  density: 

<42G/bar 

Impurity  concentrations  (ppb) 

Al: 

700 

Li: 

300 

Na: 

1640 

K  : 

300 

Fe: 

1800 

Q  (3500/3800  cm"1): 

>2.5  X  106 

Strain: 

variable 

Fringe  distortion: 

variable 

Phase  two  of  this  research  effort  was  to  establish 
the  interrelations  among  a  variety  of  process 
variables  and  the  quality  of  the  quartz  produced. 
This  would  allow  an  optimization  of  the  process. 

In  particular,  it  was  hoped  to  study  the 
interactions  among  various  variables. 


The  first  part  of  this  second  phase  examined  the 
interrelations  among  baffle  design,  temperature 
difference  (between  the  dissolving  and  growing 
chambers)  and  power  in  production  scale 
autoclaves.2  we  were  able  to  show  the  linear 
relationship  between  main  heater  power  and 
temperature  difference  (TD)  and  its  dependence 
upon  baffle  design. 


To  study  the  interrelationships  among  the  process 
variables  and  the  quartz  quality,  a  series  of 
parametric  experiments  were  designed  through  the 
use  of  a  commercial  experimental  design  and 
statistical  analysis  software  package  called 


216 


Expert  in  a  Chip  I  EChip™). 3  This  package  uses  a 
technique  known  as  robust  product  design.  This 
technique  allows  variables  to  be  adjusted 
simultaneously,  thus  decreasing  numbers  of 
4  S 

experiments  to  be  run.  * 

8ased  upon  the  results  of  the  baff le-TD-power 
experiments  and  our  production  experience,  the 
following  variables  were  chosen: 


Table  3 


Variable 

Growing  temperature 
Initial  TO 
Baffle 

Solution  molarity 

Lithium  additive 

Hydrothermal  etch 
temperature 

Quartz  supply  tape 


Range 

339“  -  355“ 

3“  -  6“  C 

17*  single  hole 
vs.  7.5* 
perforated 

0.80  -  0.85M 

0  -  0.05  M  Li+ 

-15*  -  0"  C 

Lascas  vs.  broken 
crystals 


The  original  experimental  design  included  the 
study  of  these  seven  variables  at  three  levels 
(quadratic  design)  for  a  total  of  46  trial  runs 
(forty-one  trials  plus  five  replicates).  With  an 
estimated  80  day  run  length,  plus  turn-around  and 
inspection  time,  it  was  not  possible  to  fit  this 
many  experimental  runs  into  our  normal  production 
schedule.  The  design  was  modified  so  that  only 
growing  temperature,  which  was  felt  to  be  the  most 
critical  variable,  would  be  examined  at  three 
levels  and  that  the  rest  would  be  examined  at  two. 
We  would  also  reduce  the  number  of  replicates  from 
five  to  three.  This  reduced  the  number  of  runs  to 
twenty-three. 

In  addition  to  the  variables  listed  above,  the 
seed  rack  was  designed  such  that  a  variety  of  seed 
variables  could  be  examined  including  width  (41  mm 
X,  0’  rotation  around  X  and  66  mm  X,  1.5°), 
strain,  etch,  location  in  the  rack,  and  horizontal 
vs.  vertical  positioning.  However,  the  geometry 
of  the  rack  remained  unchanged  from  run  to  run  to 
eliminate  possible  effects  on  fluid  flow. 


Runs  were  conducted  over  a  period  of  about  a  year, 
ending  in  October  1989.  A  Z-target  of  36  mm  was 
selected,  so  that  LABCOM  requested  material 
suitable  for  15  mm  SC  cuts  could  be  produced. 

This  gave  a  target  of  80  days  run  time,  with  runs 
ranging  from  62  to  99  days  to  achieve  target. 


Bars  from  these  runs  were  inspected  for 
dimensions,  weight,  mechanical  and  microscopic 
defects  and  were  analyzed  for  infrared  alpha, 
impurity  levels,  and  etch  channel  densities. 

These  results  were  then  entered  into  the  ECnip 
program.  EChip  presents  its  analysis  in  two  ways. 
First,  it  reports  which  input  variables  (and  for 
3-level  and  higher  variables,  interactions  between 
input  variables)  have  a  significant  effect  upon 
the  responses.  Second,  it  generates  a  response 
surface  to  show  the  particular  effect  of  those 
variables  on  a  given  response  variable. 

Figure  1  shows  a  response  surface  for  the  fraction 
of  bars  with  cracks  for  the  66  mm  X  seeds  as  a 
function  of  growing  temperature  and  supply  type  (1 
is  broken  cultured  owstal,  0  is  natural  quartz 
lascas).  A  number  o*  naracterist ics  of  EChip's 
response  surfaces  r--  oe  pointed  out.  The 
response  surface  represents  an  empirical  model 
based  upon  a  regression  analysis  of  the  actual 
data.  There  is  some  extrapolation  found  in  such  a 
model.  The  limits  of  the  actual  data  region  are 
represented  by  the  "convex  hull"  which  is  shown  on 
the  graph  by  the  region  marked  in  "*".® 

One  must  also  take  care  in  confusing  the  model 
with  a  prediction  of  actual  values.  Examining 
figure  1,  one  can  find  a  region  where  the  fraction 
with  cracking  is  less  than  the  lowest  experimental 
value,  represented  by  the  “<"s.  Since  the  lowest 
value  is  zero,  this  obviously  does  not  predict  an 
actual  value  for  cracking  you  would  get  by  growing 
quartz  under  those  conditions.  However,  one  can 
use  the  model  to  predict  this  as  the  region  with 
the  lowest  response  value. 


The  response  surface  is  a  two  dimensional 
representation  of  a  three  dimensional  surface, 
analogous  to  a  geographical  topological  map. 

We  have  developed  a  technique  for  converting 
EChip's  two  dimensional  graphs  into  three 
dimensions  by  converting  these  graphs  into 
spreadsheet  data  and  then  using  Lotus  1-2-3™ 
and  3-D  Graphics™  to  prodice  three  dimensional 
response  surfaces.7  Figure  2  shows  such  a 
representation  of  the  data  from  figure  1.  In  th’s 
figure,  it  is  easy  to  see  that  the  highest  levels 
of  cracking  occur  for  bars  grown  at  a  high  growing 
temperature  from  broken  crystal  or  low  growing 
temperature  from  lascas.  One  can  also  see  the 
interaction  between  the  variables. 


EChip  calculates  the  precision  of  the  response 
surface  based  upon  the  fit  of  the  regression 
analysis,  the  reproducibility  of  the  replicate 
runs  and  how  far  outside  of  the  convex  hull  the 
surface  extrapolated.  The  width  of  the  contour 
intervals  of  the  response  surface  is 
representative  of  this  precision.  For  example,  as 
one  extrapolates  outside  of  the  region  of  the 
actual  data,  the  precision  decreases  and  the 
contour  lines  broaden.  Figure  3  shows  a  graph  o' 
the  response  surface  for  inclusions  (number/cc, 

100  -  150  microns  size)  as  a  function  of  growing 
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Fraction  of  bora  crackad 
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Growing 

EChip  generated  response  surface  for  tne  fraction  of  bars  withcracks  as  a 
function  of  growing  temperature  and  supply  type  (  1  is  broken  cultured 
crystal,  0  is  natural  quartz  (lascas)  ). 


Figure  2 

Roaponaa  Surfoea  for  Cracking 


/-Laacaa 


-0.2 


Brokan  Crystal 


Growing  Tamparaturo  (*C) 

Three  dimensional  representation  of  the  response  surface  for  the  fraction  of 
bars  with  cracks  as  a  function  of  growing  temperature  and  supply  type. 
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Supply 


Figure  3 

R«»pons«  Surfac*  for  inclusions 


o 

in 


Response  surface  for  inclusions  as  a  function  of  growing  temperature  and 
initial  TO. 


temperature  and  initial  TO.  Since  this  plot  shows 
data  for  the  middle  of  the  convex  hull,  the 
broadness  of  the  contours  in  the  middle  region  of 
the  plot  is  probably  due  to  a  lack  of 
reproducibi  1  ity  in  the  data. 

One  of  EChip’s  limitations  is  in  its  inability  to 
distinguish  between  continuous  and  categorical 
variables;  all  variables  must  be  treated  as 
continuous  variables.  One  way  to  handle  this  is 
by  rethinking  how  you  look  at  a  variable.  In 
figure  1,  supply  type  could  be  though  of  as  broken 
crystals  vs.  lascas  and  thus  as  a  categorical 
variable.  However,  one  can  also  think  of  it  as  a 
continuous  variable  from  100%  lascas,  through  a 
mixture  o'  the  two,  to  100%  broken  crystal .  In 
fact,  this  reflects  actual  production  practices. 
Figure  4  shows  the  response  surface  for  inclusions 
(number/cc,  100  -  150  microns  size)  as  a  function 
of  growing  temperature  and  baffle  type.  Here  too, 
baffle  type  has  been  thought  of  not  as  perforated 
vs.  single  hole,  but  as  a  continuous  variation  in 
the  number  of  holes.  The  limitation  here  is  this 
does  not  reflect  actual  practice  and  may  not  even 
reflect  the  actual  behavior  of  the  system.  One 
must  therefore  be  careful  in  interpreting  the 
meaning  of  baffle  values  on  this  contour  plot 
between  the  two  endpoints. 


Another  limitation  of  EChip  is  its  inability  to 
examine  correlations  between  response  variables; 
for  example,  between  inclusion  densities  and 
cracking.  However,  this  can  be  overcome  by  the 
use  of  other  statistical  methods.  For  example, 
scatter  graphs  in  conjunction  with  linear 
regression  analysis  can  be  used  to  look  at 
interrelations  between  response  variables.  Figure 
5  shows  a  scatter  diagram  for  the  concentration  of 
aluminum  in  a  sample  bar  from  each  run  vs.  the 
concentration  of  lithium,  with  a  linear  regression 
fit  of  the  data.  One  can  also  use  more 
traditional  statis'ical  t~'ts,  such  as  the  student 
t-test,  to  supplement  EChip.  One  must  remember 
with  all  these  methods  that  they  generate 
empirical  models,  it  is  up  to  the  researcher  to 
create  the  theory,  if  desired. 

One  last  consideration  is  that  EChip  is  designed 
to  be  used  as  a  "blackbox".  While  this  is  a  great 
advantage  for  the  statistical  novice,  one  must  be 
careful  to  use  the  program  within  its  stated 
limitations.  EChip  does  include  some 
"whistle-blowing”  abilities  which  alert  the  user 
to  potential  statistical  problems  which  may 
require  expert  help. 
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Lithium  Concentration  (ppm)  Inclusion  -  100-150  micron,  (/cc) 


Figure  4 

Response  Surfac.  for  Inclusion. 


339  343  347  351  355 

Growing  Temperature  (*C) 

Response  surface  for  inclusions  as  a  function  of  growing  temperature  and 
baffle  type. 


Figure  5 


Aluminum  vs.  Lithium  Concentration 


0  20  40  60 


Aluminum  concentration  (ppm) 

Scatter  diagram  of  the  concentration  of  aluminum  versus  the  concentration  of 
lithium  in  a  bar,  A  linear  regression  fit  of  the  data  is  also  shown. 


220 


There  were  some  limitations  due  to  the  design  we 
chose  as  well.  8y  looking  at  a  variable  at  only 
two  levels,  instead  of  three,  one  is  no  longer 
able  to  look  for  curvature  in  that  variable.  It 
also  means  that  one  cannot  look  at  interactions 
between  two  level  variables,  only  between  two  and 
three  level  variables  and  among  third  and  higher 
order  variables. 

These  design  limitations  can  be  eased  to  some 
extent  by  following  EChip's  normal  experimental 

sequence. Table  4  gives  some 
typical  examples. 

Table  4 

•Screening  trials:  many  variables  at  2-levels 

7  variables  /  2  levels  -  i4  trials  +  replicates 
12  variables  /  2  levels  -  19  trials  +  replicates 
•Response  trials:  significant  variables  at  3-levels 
4  variables  /  3  levels  -  20  trials  +  replicates 


[3]  Expert  in  a  Chip  (EChip)“  -  Expert  in  a  Chip, 
Inc.,  518  Holly  Knoll  Rd.,  Hockessin,  0E 
19707. 

[4]  T.A.  Donnelly,  "Robust  Product  Design", 
Machine  Design,  Oct.  8,  1987. 

[5]  T.  Donnelly,  "Desktop  software  for 
simultaneous  optimization  of  multiple 
responses",  American  Laboratory,  Vol.  21  (9), 
pp.  100-107,  Sept. 

[6]  8.  Wheeler,  EChi p  Course  Text .  Expert  in  a 
Chip,  Inc.,  Delaware,  1987. 

[7]  3-D  Graphics’"  -  Intex  Solutions,  Inc.,  161 
Highland  Ave.,  Needham,  MA  02194. 


6  variables  /  3  levels  -  33  trials  +  replicates 
•Detail/confirmation  trials: 

2  variables  /  4  levels  -  13  trials  +  replicates 


However,  the  cost  of  such  a  detailed  study  is  in 
the  number  of  experiments  required  (44  to  75  in 
the  examples  above).  For  a  batch  process  with  a 
turn-around  time  of  100  days,  such  as  quartz 
growth,  such  a  study  would  be  very  expensive  and 
very  time  consuming. 

In  spite  of  all  these  limitations,  designed 
experiments  have  turned  out  to  be  very  useful  to 
us.  From  these  23  experimental  runs  we  have 
discovered  73  different  interactions  and 
relationships  among  the  seven  input  variables 
studied  and  the  various  responses  examined,  using 
EChip  and  the  other  statistical  methods  mentioned. 
In  addition  are  the  negative  responses,  the 
relationships  and  interactions  which  were  believed 
to  exist  but  have  been  disproved.  We  are  now  in 
the  process  of  using  this  round  of  experiments  as 
screening  trials  for  further  experiments  to 
examine  the  details  of  particular  responses. 
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ABSTRACT 

Electrodittusion  (sweeping)  is  a  high- 
temperature  process  used  to  replace  the 
interstitial  alkalis  present  in  as-grown  quartz 
with  hydrogen.  Sweeping  attects  point  detects  such 
as  the  substitutional  aluminum  with  its  associated 
interstitial  alkali  and  the  extended  dislocation 
networks  with  their  precipitated  impurities  that 
lorm  the  etch  channels.  Quartz  is  commercially 
swept  to  improve  the  radiation  hardness  and  to 
reduce  the  formation  ot  the  etch  channels.  We  have 
been  investigating  the  electric  current  versus  time 
curves  observed  during  sweeping  runs  as  possible 
indicators  ot  the  completeness  of  the 
electrodittusion  process.  Hanson  reported  the 
appearance  ot  a  current  peak  or  plateau  near  2bO°C 
during  the  warm-up  portion  of  the  sweeping  process 
when  the  electric  field  was  initially  applied  at 
room  temperature.  He  also  reported  that  this  peak 
was  not  present  in  samples  that  had  previously  been 
swept.  We  have  tracked  both  the  growth  of  the  Al- 
OH  center  and  the  decay  ot  the  Al-Na  center  with 
the  sample  current  versus  sweeping  time.  We  find 
that  the  current  peak  or  plateau  disappears  when 
the  sample  is  heated  to  4UU°C  and  immediately 
cooled  back  to  room  temperature.  However,  no 
reduction  in  the  Al-Na  centers  or  production  ot  the 
A1-0H  centers  match  the  disappearance  of  the  peak. 
Instead,  the  Al-Na  center  is  slowly  replaced  by  the 
A1-0H  after  the  sample  has  been  held  for  some  time 
at  temperatures  near  bt)0°C.  Since  hydrogen  is  much 
less  mobile  than  the  alkalis,  this  replacement 
causes  a  reduction  of  the  sweeping  current.  It 
appears  that  the  appearance  ot  a  steady  current 
during  a  time  interval  might  be  used  as  a  signature 
tor  the  completeness  ot  the  electrodittusion 
process.  We  find  that  when  the  current  remains 
steady  to  +2Z  over  an  eight  to  ten  hour  interval 
that  the  sample  passes  the  OSU  test  for  sweeping 
effectiveness.  It  does  appear,  however,  that  the 
tendency  to  form  etch  channels  reduces  more  slowly 
than  the  rate  ot  replacement  of  the  alkalis  at 
point  detects. 


INTRODUCTION 

Electrodittusion  (sweeping)  is  commercially 
employed  to  reduce  the  formation  of  etch  channels 
during  processing  [1)  and  to  improve  radiation 
hardness  [2).  The  process  removes  neither  the 
point  detects  nor  the  dislocation  loops.  Instead 


the  improved  performance  of  swept  quartz  is  caused 
tv  the  modification  ot  the  defects.  For  example, 
substitutional  aluminum  with  an  associated 
interstitial  alkali  is  a  common  point  detect. 
Sweeping  in  air  (with  water  vapor  present)  or  in 
hydrogen  removes  the  alkali  from  the  quartz  and 
replaces  them  with  a  hydrogen.  A  similar 
replacement  process  must  also  take  place  with  the 
impurities  trapped  in  the  dislocation  networks  so 
that  they  are  much  less  chemically  active  after 
sweeping.  Verhoogen  [3)  carried  out  the  first 
deliberate  alkali  sweeping  experiments  during  his 
study  ot  ionic  diffusion  in  quartz.  King  ( 4 J  was 
the  first  to  apply  the  sweeping  process  to  quartz 
later  used  for  resonator  studies.  The  process  for 
sweeping  specific  alkalis  into  quartz  was  developed 
by  Fraser  [ b  J  who  clearly  demonstrated  that  the 
33-K  acoustic  loss  peak  was  due  to  the  Al-Na 
center.  Kats  (6)  studied  the  effects  of  alkali  and 
hydrogen  sweeping  on  the  infrared  spectra  of  both 
natural  and  cultured  quartz.  Recently,  Martin  [ / J 
reviewed  current  electrodittusion  results. 

At  the  present  time,  several  methods  are  used 
to  determine  if  the  sweeping  process  is  complete 
for  point  defects.  Of  these,  the  electron-spin 
resonance,  ESR,  test  developed  by  Halliburton,  ££ 
al .  [ 8 j  and  the  measurement  of  the  high  temperature 
series  resistance  of  a  resonator  developed  by 
Koehler  (y]  are  probably  the  most  reliable 
indicators.  The  ESR  test  requires  the  removal  ot  a 
test  sample  from  the  swept  bar  and  an  elaborate 
radiation  procedure.  The  resistance  test  requires 
the  fabrication  of  a  resonator  blank.  No  test 
other  than  actually  etching  samples  is  available 
for  etch  channel  reduction  by  sweeping.  Hanson 
| 10]  reported  the  appearance  of  a  current  peak  or 
plateau  near  250°C  during  the  warm-up  portion  of 
the  sweeping  process  when  the  electric  field  was 
initially  applied  at  room  temperature.  He  found 
that  this  peak  was  absent  in  samples  that 
previously  had  been  swept  and  suggested  that  it 
could  be  used  as  a  sweeping  test.  Tests  for 
sweeping  effectiveness  that  do  not  require 
elaborate  sample  preparation  or  that  can  be 
performed  during  the  electrodiffusion  process  would 
clearly  be  useful.  We  report  here  an  investigation 
of  the  effects  of  sweeping  temperature  and  sweeping 
time  on  the  replacement  of  the  interstitial  alkalis 
by  hydrogen  and  on  the  reduction  of  etch  channel 
formation.  Our  results  suggest  that  the  appearance 
of  a  constant  current  during  the  sweeping  run  is  a 
simple  reliable  indicator  of  sweeping  completeness 
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lor  point  detects.  The  study  also  shows  that 
intrared  measurements  ot  the  A1-0H  absorption  can 
also  be  used  as  a  indicator. 


Cultured  quartz  was  used  exclusively  for  this 
investigation.  Except  tor  the  sample  designated 
HA-A  all  samples  were  pure  Z-growth  material.  Both 
tull  sized  lumbered  bars  and  smaller  intrared  or  b 
Mz  bill  overtone  AT-cut  blanks  were  used  tor  the 
sweeping  tests.  The  HA-A  samples  were  resonator 
blanks  taken  from  an  R-growth  stone  selected  tor 
its  60-/0  ppm  aluminum  content.  The  tull  bars  were 
air-swept  at  LABCOM  using  the  system  described  by 
Cualtieri,  a_L.  [11]  The  smaller  samples  were 
H-swept  at  OSU  using  the  system  described  by 
Martin.  [/]  Both  systems  were  controlled  by  HP 
Series  80  microcomputers.  Au/Cr  or  Au  electrodes 
were  vapor  deposited  on  cleaned  polished  surtaces. 
The  samples  were  then  placed  between  steel  or 
stainless  steel  contacts  in  the  sweeping  turnace. 
Electric  tields  between  800  V/cm  and  2000  V/cm  were 
applied  at  room  temperature.  The  computer  recorded 
the  sample  current  and  temperature  during  the 
sweeping  run.  Temperature -ramped  sweeping  was 
performed  [11],  i.e.,  the  turnace  was  slowly 
brought  up  to  the  sweeping  temperature,  held  there 
tor  the  selected  time,  and  then  ramped  back  to  room 
temperature . 

A  Perkin-Elmer  model  1/60  Fourier  transform 
intrared  spectrophotometer  was  used  to  monitor  the 
room- temperature  OH-vibration  spectrum  before  and 
after  air-sweeping  the  tull  bars.  Low  temperature 
IR  absorption  scans  were  made  on  the  smaller 
samples  using  a  Beckman  Model  4240  dispersive 
spectrophotometer.  These  samples  were  held  in  a 
liquid  nitrogen  cryostat  that  had  CaF2  windows. 

The  reduction  ot  the  Al-Na  centers  in  the  resonator 
blanks  caused  by  sweeping  was  determined  by 
measuring  the  acoustic  loss  over  the  8  K  to  10U  K 
temperature  range.  A  set  ot  adjacent  AT-cut 
sections  trora  one  bar  were  swept  tor  dilterent 
times.  Atter  etching  in  a  hot  saturated  ammonium 
bitluoride  solution  etch  channel  counts  were  made 
using  an  Olympus  Nomarski  microscope. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  current  density,  j,  and 
temperature  versus  time  curves  tor  an  initial  air- 
sweep  at  3UU°C.  The  sample  was  a  Y-bar  designated 
A-GC-Jbiy  with  Au/Cr  electrodes.  An  electric  tield 
ot  2000  V/cm  was  used.  The  peak  labeled  A  is  the 
initial  peak  first  observed  by  Hanson  [1U]  when  the 
sample  is  warmed  with  the  field  on.  The  second 
peak,  marked  B,  represents  the  replacement  ot 
alkalis  by  hydrogen.  The  current  density  is  small 
tor  this  3UUDC  run  and  continues  to  decrease 
throughout  the  entire  run.  The  current  density 
reduction  over  the  eight  hour  period  before  cool¬ 
down  was  lb  %.  The  current  density  .  Curve  A  in 
Fig.  2  shows  the  room  temperature  intrared  spectrum 
ot  this  sample  prior  to  the  air-sweeping  runs.  The 
sharp  band  at  3b8b  cm'1-  and  the  broader  band  near 
3410  cm”  are  the  OH-related  growth-defect  centers. 
Curve  B  shows  the  spectrum  obtained  atter  the 
initial  3UU°C  air-sweep.  No  significant  A1-0H  band 
at  3380  cm'1  was  produced  by 


this  low  temperature  run.  The  run  caused  a  bOI 
reduction  in  the  3b8b  cm’^  growth-detect  band  The 
non-porous  Au/Cr  electrodes  inhibit  the 
introduction  hydrogen  into  the  sample  during 
sweeping.  Gualtieri  and  co-workers  [  12,13]  have 
extensively  studied  this  ettect. 


Figure  1.  The  current  and  temperature  versus  time 
curves  tor  the  initial  300°C  air  sweep  on  sample 
A-CC-3b3y  are  shown. 


HAVE  NUMBER  (cm'1) 


Figure  2.  The  room  temperature  IR  spectra  tor 
sample  A-GC-3b3y  are  shown  tor  the  as-received 
condition,  A;  atter  the  initial  300°C  sweep,  B;  and 
atter  a  subsequent  400°C  sweep,  C.  Only  the  second 
sweep  produced  the  A1-0H  band. 


Figure  3  shows  the  current  density  and 
temperature  versus  time  curves  tor  the  subsequent 
400°C  air-sweeping  run  on  sample  A-GC-3b3y.  The 
initial  current  peak,  A,  is  nearly  gone.  The  much 
larger  peak  B  and  the  overall  larger  current 
indicate  that  hydrogen  exchange  is  more  efficient 
at  this  higher  temperature.  We  note  that  j  is 
still  decreasing  with  time  at  the  end  of  the  2 fa  hr 
run.  THe  current  density  reduction,  over  the  eight 
hour  period  before  cooldown,  was  4%.  The  3380  cm 
band  in  curve  C  ot  Fig  2  shows  that  the  A1-0H 
centers  are  being  produced  by  the  air- sweeping . 
Interestingly,  the  growth-detect  band  does  not  seem 
to  recover. 

The  initial  300°C  air-sweep  on  sample  A-GC- 
3b3y  did  not  introduce  any  A1-0H  centers.  As  shown 
in  the  subsequent  400°C  run  the  current  peak  was 
removed  by  the  first  sweep.  The  second  run  did 
introduce  some  A1-0H  centers  and  the  sample  can  be 


223 


considered  as  partially  swept.  The  current  was 
still  decreasing  with  time  at  the  end  ot  both  runs 
A  third  sweep  at  bUO°  C  produced  a  current  density 
reduction,  during  the  last  eight  hours  before 
cooldown,  ot  2%.  The  IR  spectrum  alter  this  sweep 
retraces  curve  C  in  Fig.  2. 


TIME  (HOURS) 


Figure  3.  The  current  density,  j,  and  temperature 
are  shown  as  functions  ot  time  tor  the  subsequent 
400°C  run  on  sample  A-CC-3b39.  Current  peak  A  is 
missing. 

The  current  peak  or  plateau  observed  on 
warm-up  was  investigated  by  carrying  out  a  series 
of  H- sweeping  runs  in  which  a  test  sample  as  ramped 
up  to  a  selected  temperature  and  then  immediately 
cooled  back  to  room  temperature.  The  sample  was 
then  cycled  repeatedly  to  successively  higher 
temperatures.  The  curves  on  the  far  left  side  of 
Fig.  4  shows  the  current  and  temperature  data 
collected  during  a  cycle  to  248°C  on  sample  R4  from 
bar  MCI-/.  The  curves  offset  to  b  hr  are  for  a 
subsequent  cycle  to  320°C.  The  curves  starting  at 
10  hr  are  for  a  full  12  hr  490°C  sweep  made  on  the 
control  sample  R1 .  The  initial  current  peak  is 
clearly  evident  in  the  data  for  the  control  sample. 
The  dashed  lines  in  Fig.  b  show  the  current 
density,  j,  versus  temperature  data  collected 
during  the  warm-up  portion  of  each  of  the  T-cycles. 
These  curves  map  out  the  current  peak  for  the 
control  sample  as  shown  by  the  solid  line  in  Fig. 
b.  The  dashed  curves  also  show  that  the  current 
peak  is  removed  by  sweeping  at  low  temperatures  for 
very  short  times. 


Figure  4.  The  temperature  and  current  curves  for 
several  sweeping  cycles  on  sample  R4  and  for  the 
full  sweep  on  the  control  sample  R1  are  shown. 


Figure,  b.  The  dashed  curves  show  the  current 
density,  j,  versus  temperature  curves  tor  the 
warm-up  portion  ot  the  sweeping  cycles.  They  "map 
out"  the  current  peak  observed  tor  the  control 
sample . 


Figure  6.  The  b3  K  Al-Na  acoustic  loss  peak  is 
shown  after  the  resonator  blank  was  swept  while 
being  cycled  to  the  indicated  temperature.  The 
Al-Na  does  not  go  out  until  the  sample  is  cycled  to 
temperatures  well  above  the  current  peak. 


A  b  MHz  bth  overtone  AT-cut  blank  from  D14-4b 
Premium  Q  bar  was  Na-swept  using  our  standard 
process.  [14J  It  was  run  through  a  series  ot 
sweeping  cycles  similar  to  those  described  above. 
The  acoustic  loss  versus  temperature  curves 
measured  after  a  number  of  the  cycles  are  shown  in 
Fig.  6.  No  decrease  in  the  Al-Na  loss  peak  was 
observed  until  the  sample  was  cycled  above  4bO°C. 
The  initial  height  of  the  b3  K  loss  peak  [lbj 
agrees  with  the  approximately  1  ppm  aluminum 
concentration  observed  in  D14-4b  quartz.  As  shown 
below,  the  A1-0H  is  not  effectively  produced  until 
the  sample  has  spent  time  at  temperatures  well 
above  that  at  which  the  initial  current  peak  is 
removed.  The  conversion  of  the  Al-Na  and  presumably 
Al-Li  centers  into  A1-0H  does  not  begin  until  the 
sample  is  cycled  through  temperatures  well  above 
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the  point  where  the  initial  current  peak  is 
removed.  Therefore ,  the  current  peak  is  not 
associated  with  the  aluminum  center  and  does  not 
reliably  indicate  that  the  sample  is  tully  swept 

The  H-sweeping  ot  several  Z-plate  samples  at 
a  fixed  temperature  ot  490°C  was  investigated. 

After  each  sweeping  run  the  low  temperature 
infrared  spectrum  was  taken  on  each  sample.  Figure 
/  shows  the  spectra  taken  on  sample  SQB1  in  the 
as-received  condition,  after  it  was  swept  tor 
approximately  ten  minutes,  and  after  a  cumulative 
sweeping  of  4/  hours.  The  two  bands  at  3300  and 
3200  cm'1  are  intrinsic  Si-0  overtone  vibrations 
[6|.  Only  the  OH-related  growth-def ect  bands  are 
present  in  the  as-received  condition.  Taking  the 
spectrum  at  80  K  sharpens  the  3583  cm"1  band  shown 
in  Fig.  2  and  shifts  it  to  3381  cm'1;  the  broad 
3410  cm'  shown  in  Fig  2  is  split  into  sharper 
bands  at  343/  and  3398  cm'1.  After  H-sweeping  the 
sample  tor  ten  minutes  strong  A1-0H  bands  at  336/ 
and  3306  cm'1  are  seen  in  the  low  temperature 
spectrum.  The  sample  was  successively  swept  and 
the  A1-0H  concentration  measured  by  low  temperature 
IR  absorption  after  each  run.  The  upper  curve  in 
Fig.  /  shows  the  spectrum  obtained  after  a 
cumulative  sweeping  time  ot  4/  hours.  Figure  8 
shows  the  growth  of  the  A1-0H  concentration  versus 
cumulative  H-sweeping  time  tor  samples  SQB1  with 
/.3  ppm  A1  and  for  sample  HA-A  with  60  ppm  Al .  We 
find  that  when  the  A1-0H  concentration  as  measured 
by  infrared  absorption  techniques  remains  constant 
with  cumulative  sweeping  time  that  the  sample  is 
fully  swept  according  to  the  0SU  ESR  test  tor 
sweeping  effectiveness.  Because  ot  its  lower 
sensitivity  the  infrared  test  is  not  as  reliable 
tor  low  aluminum  samples  as  the  ESR  test. 
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Figure  /.  The  low  temperature  infrared  absorption 
spectra  for  sample  SQB1  taken  in  the  as-received 
condition  and  after  cumulative  H-sweeping  times  ot 
ten  minutes  and  4/  hours  are  shown. 

The  upper  portion  ot  Fig.  y  shows  the 
fractional  current  change,  AI/Iend,  and  the  lower 
portions  shows  temperature  fluctuations,  AT, 
measured  during  a  H-sweeping  run  on  sample  SQB1 . 

I erKj  was  the  average  current  at  the  end  ot  the  30 
hour  run.  The  1.6  C°  peak-peak  temperature 
oscillations  were  due  to  a  slightly  mistuned 
controller.  These  temperature  oscillations  cause  a 
6Z  peak-peak  oscillation  in  the  sweeping  current. 
After  averaging  out  the  short  terra  temperature 
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Figure  8.  The  growth  ot  the  A1-0H  center  with 
cumulative  sweeping  time  is  shown  tor  samples  SQB1 
and  HA-A. 

oscillations,  AI/Iend  is  seen  to  be  constant  to 
better  than  _2Z  over  the  last  20  hours  ot  the  run. 
The  oscillations  were  removed  on  later  runs  by 
carefully  retuning  the  temperature  controller.  As 
reported  above,  the  0SU  ESR  test  showed  that  this 
sample  was  tully  swept.  We  consistently  find  that 
when  the  sweeping  current  is  constant  to  within 
+2Z  over  the  last  8-10  hours  ot  the  run  that  the 
samples  are  tully  swept.  Therefore,  it  appears 
that  the  observation  ot  a  constant  current 
(assuming  the  temperature  is  steady)  is  a  good 
indicator  that  the  electroditfusion  is  complete  to r 
the  point  detects. 
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Figure  y.  The  fractional  current  change  and  the 
temperature  deviation  observed  during  a  30  hour  H- 
sweeping  run  on  sample  SQB1  are  shown. 
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Elec  trod illusion  also  atlects  the  dislocation 
networks  responsible  tor  the  formation  ot  the  etch 
channels.  A  set  ot  adjacent  AT-cut  plates  were 
taken  trom  our  Premium  Q  bar  PQ-C.  Au  electrodes 
were  vapor  deposited  on  the  polished  surfaces  and 
the  plates  were  H-swept  at  4yo°C  tor  ditterent 
times.  Figure  10  shows  the  etch  channel  density 
measured  on  the  unswept  control  sample  and  on 
samples  swept  tor  times  ranging  trom  10  minutes  to 
JO  hours.  The  current  was  steady  to  *2%  tor  the 
last  10  hours  ot  the  JO  hour  run.  The  etch  channel 
density  appears  to  decrease  more  slowly  than  the 
Ai-OH  production  reported  above.  Previous  reports 
[11,16,1/]  showed  that  air-sweeping  ot  lull  bars 
reduced  the  etch  channel  density  to  less  than 
10  channels/cur  .  Since  the  channels  tend  to  lie 
along  the  Z-direction  118]  sweeping  AT-cut  plates 
is  probably  less  efficient  than  sweeping  a  full  bar 
where  the  full  electric  field  is  along  Z. 
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Figure.  10.  The  reduction  ot  the  etch  channel 
density  versus  H-sweeping  time  is  shown  tor  a 
series  ot  AT-cut  samples  from  bar  PQ-C. 


SUMMARY  AND  CONCLUSIONS 

The  initial  current  peak  observed  during  the 
warm-up  portion  ot  a  temperature  ramped  sweeping 
run  disappears  when  the  sample  is  swept  at  3UU°C; 
however,  the  sample  cannot  be  considered  as  swept 
since  no  A1-0H  was  produced.  A1-0H  was  produced  by 
a  subsequent  temperature  ramped  sweep  at  4UU°C. 
Subsequent  tests  showed  that  the  low  temperature 
current  density  peak  disappears  upon  heating  to 
near  3U0°C  with  immediate  cooling  back  to  room 
temperature.  No  Al-Na  conversion  to  A1-0H  was 
observed  during  such  cycles  until  the  sample  was 
taken  above  4bU°C.  Therefore,  the  disappearance  ot 
the  initial  low  temperature  peak  cannot  be  used  as 
a  reliable  indicator  ot  sweeping. 

The  A1-0H  conversion  was  measured  as  a 
function  ot  sweeping  time  for  runs  at  4yo°C.  We 
found  that  the  Al-OH  concentration  was  stable  after 
the  samples  had  been  swept  for  a  tew  hours.  For 
these  samples  the  fractional  change  in  the  sweeping 
current  was  less  than  +2Z  and  the  0SU  ESR  test 
showed  them  to  be  fully  swept.  Therefore,  the 
observation  ot  a  stable  current  can  be  used  as  an 
"on-line"  indicator  that  the  electrodif fusion 


process  tor  point  detects  is  complete.  The  etch 
channel  density  continued  to  decrease  tor  longer 
sweeping  times  than  were  needed  to  produce  a  steady 
Al-OH  concentration.  Thus,  the  modification  ot  the 
dislocation  networks  proceeds  more  slowly  than  that 
ot  point  detects. 
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ABSTRACT 


Electrode  metal-quartz  contact,  metal  porosity,  and 
metal-quartz  interfacial  diffusion  of  hydrogen-species  are 
required  for  efficient  and  uniform  hydrogen  introduction 
during  air-sweeping  [1],  Nonuniform  H-introductioncan 
be  indicated  by  the  co-introduction  of  color  centers. 
Color-center  introduction  during  air  sweeping  leads  to 
nonuniform  sweeping  along  the  Z-axis  [2]  similar  to  the 
nonuniformity  found  with  vacuum  sweeping  [3], 

Using  infrared  absorption  and  scanning  electron 
microscopic  techniques,  we  have  found  that  color-center 
introduction  into  quartz  is  influenced  by  the  porosity  of 
evaporated  metal  electrodes  [1],  It  appears  that  ther¬ 
mal-stress  relief  of  electrode-metal  films,  during  sweep¬ 
ing,  normally  causes  void  formation  (porosity).  If  the 
porosity  is  extensive,  H-introduction  predominates  and 
color-center  introduction  mechanisms  are  suppressed. 

Samples  swept  with  evaporated  Au/Cr  electrodes 
relying  on  thermal  stress-induced  porosity  sometimes 
displayed  sweeping  nonuniforinities.  However,  nonuni¬ 
formities  were  not  found  when  samples  were  swept 
using  evaporated  Au/Cr  electrodes  containing  periodic 
stripe  openings.  Electrodes  with  stripe  openings  were 
fabricated  using  photolithographic  techniques.  The 
stripe  openings  provided  sufficient  electrode-quartz- 
water  vapor  (3-phase)  regions  to  ensure  uniform  sweep¬ 
ing. 

Uniform  sweeping  was  also  obtained  using 
magnetron-sputtered  amorphous  Y-Ba-Cu-O  films. 
These  electrically  conducting  oxide  films  apparently 
allow  diffusion  of  hydrogen  without  the  need  of  porosity 
or  electrode  openings  to  assist  in  the  H-indiffusion 
sweeping  process. 

US  GOVERNMENT  WORK  IS  NOT  PROTECTED 
BY  US  COPYRIGHT 


The  high-temperature  annealing  phase  of  the 
sweeping  process  will  sometimes  produce  a  light-scatter¬ 
ing  haze  in  the  sample.  The  haze  occurs  mainly  in 
unswept  regions  of  the  quartz.  Thus,  the  occurrence  of 
haze  can  be  another  demonstration  of  nonuniform 
sweeping.  Haze  was  found  not  to  depend  on  electrode 
effects,  absorption  in  the  near  IR  (due  to  molecular 
water),  or  to  absorption  in  the  far  IR  (due  to  precipita¬ 
tion  of  silicates  as  suggested  by  Cohen  [4]).  Instead, 
haze  was  found  to  occur  in  regions  of  the  quartz  showing 
strong  OH-absorption  [5],  and  appears  to  be  associated 
with  lithium  [6], 

INTRODUCTION 


It  is  well  known  that  the  sweeping  of  quartz  not  only 
results  in  an  improvement  in  mechanical  Q,  but  also 
improves  the  resonator  stability  in  a  radiation  environ¬ 
ment  [7]  and  reduces  the  etch-channel  density  of  etch- 
processed  quartz.  Previous  investigators  have  indicated 
that  vacuum  sweeping  can  be  nonuniform  and  the  use  of 
resonators  processed  in  this  manner  may  lead  to  unpre¬ 
dictable  results  [3]. 

Nonuniform  air-sweeping  of  quartz  is  associated  with 
the  nonporosity  of  evaporated  metal  electrodes  [1].  That 
is,  openings  in  the  metallization  are  required  when 
hydrogen  diffusion  through  the  metal  electrode  is  too 
slow.  The  nonuniformity  along  the  Z-axis  (see  Fig.  1 
and  Figs.  9  and  10  of  [2])  is  associated  with  the  devel¬ 
opment  of  color  centers  when  Au/Cr,  V,  and  Al-elec- 
trodes  are  used.  These  materials  form  metal-silicide 
compounds  that  inhibit  the  metal/quartz  interfacial  (lat¬ 
eral)  diffusion  of  H-species  [1]  prior  to  the  diffusion  of 
hydrogen  into  the  quartz.  During  sweeping,  aluminum 
compensated  by  electron-holes  (Al-h+),  develops  much 
more  slowly  than  aluminum  compensated  by  hydrogen 
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(Al-OH)  [8|.  This  contributes  to  nonuniform  sweeping 
along  the  Z-axis  [3|. 


Integrated  Infrared  Absorption  POO'K) 


Fig.  1.  The  integrated  absorption  of  a  series  of  infrared 
scans.  The  IR  beam  was  unpolarized  and  in  the  X- 
direction.  The  Al-OH  band  was  nonuniform  along  the 
Z-axis.  The  as-grown  OH  band  is  depleted  in  the 
region  near  the  anode. 

Light-scattering  haze  regions,  unrelated  to  electrode 
effects,  sometimes  are  observed  in  swept  samples.  The 
haze  occurs  in  regions  of  the  quartz  not  containing  Al- 
OH  or  Al-h+  (color  centers).  Thus,  haze  can  be 
another  demonstration  of  nonuniformly  swept  quartz. 
Attempts  to  relate  the  occurrence  of  haze  with  absorp¬ 
tion  in  the  near  infrared,  associated  with  molecular 
water  content  in  quartz  or  absorption  in  the  far  infrared, 
associated  with  the  existence  of  metal-silicate  com¬ 
pounds,  as  suggested  by  Cohen  [4],  have  not  been 
successful.  Instead,  very  large  differences  have  been 
found  in  the  OH-vibrational  spectral  region  (3700  cm- 1 
to  3100  cm-1)  (5]  and  the  association  of  lithium  seems 
implicated. 

The  goal  of  the  research  reported  in  this  paper  was 
to  increase  our  understanding  of:  1)  the  mechanism  for 
electrode  void  formation  before  and  during  sweeping 
that  leads  to  nonuniform  H-sweeping;  2)  the  conditions 
that  restrict  H-introductionand  allow  nonuniformitiesto 
develop;  and  3)  the  techniques  and  electrode  types  avail¬ 


able  to  circumvent  the  restriction  of  uniform  hydrogen 
indiffusion. 

EXPERIMENTAL  METHODS 


Samples  of  cultured  quartz  were  used  in  this  investi¬ 
gation.  Swept  samples  were  lumbered  into  Y-bars  after 
seed  removal  [9].  Tire  Z-sui faces  of  these  bars  were 
lapped,  polished,  and  cleaned  as  outlined  previously 
I1.10J.  For  electrodes,  evaporated  Au/Cr  films  were 
applied  to  the  polished  and  cleaned  Z-surfaces  of  the 
lumbered  bars.  In  some  cases,  open  regions  (stripes) 
were  photolithographically  etched  into  the  metal  film 
(anode  region).  Temperature-ramped  sweeping  (maxi¬ 
mum  temperature  537°  C)  was  carried  out  in  an  atmo¬ 
sphere  of  flowing  laboratory  air  (flow  rate  =  100 

cc/min)  [111-  An  electric  field  of  1000  V/cm  was  used 
in  all  experiments. 

A  Perkin-Elmer  model  1760  Fourier  Transform 
Infrared  Spectrophotometer  (FTIR),  having  a  wavenum¬ 
ber  scan  range  of  4000  to  450  cm'1,  was  used  to  obtain 
room-temperature  OH-vibrational  spectra,  difference 
spectra,  and  deconvoluted  spectra  of  haze  regions  of  the 
quartz.  Optical  microscopic  techniques  were  used  to 
study  voided  electrode  regions  and  to  image  interior 
features  of  swept  bars.  Scanning  electron  microscopic 
(SEM)  techniques  were  used  to  study  the  microstructure 
of  metallized  surfaces. 

Color  center  development  was  observed  visually 
when  lower  quality  quartz  was  swept  (12).  The  color¬ 
ation  can  be  detected,  using  magnification,  by  the 
apparent  light-brown  coloration  of  inclusions,  when  high 
quality  quartz  is  swept.  Alternatively,  the  detection  of 
weak  color-center  absorption  may  be  accomplished  using 
visible  lasers  as  sources  [13]. 

Films  of  Y-Ba-Cu-O  were  grown  by  magnetron 
sputtering  from  a  single  stoichiometric  YBa2Cu307 
target.  The  films  were  grown  at  room  temperature  in 
flowing  Argon  (flow  rate  =  35  cc/min)  on  the  Z-surfaces 
of  the  quartz  Y-bar  substrates  [14],  The  films  were 
annealed,  in  flowing-air  atmosphere,  as  part  of  the 
temperature-ramped  sweeping  process  (maximum 
temperature  =  500°  C).  Rutherford  backscattering 
spectroscopy  (RBS)  [2]  was  used  to  evaluate  the  possible 
diffusion  of  the  electrode  constituents  ;nto  the  quartz. 
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Secondary  ion  mass  spectrometry  (SIMS)  was  used  to 
verity  the  presence  of  H-species  at  the  electrode/quartz 
interface  [1], 

EXPERIMENTAL  OBSERVATIONS 


Air-sweeping  nonuniformities  have  been  found  to 
be  related  to  electrode  effects  [1,9].  Microscopic 
examination  of  Au/Cr  anode  surfaces  after  sweeping 
reveals  the  formation  of  numerous  voided  areas.  In 
some  instances,  it  is  clear  that  the  voids  in  the  elec¬ 
trodes  are  surrounded  by  thicker  metal  regions  (see  Fig. 
2).  When  voiding  occurs,  the  color  centers  are  bleached 


Fig.  2.  Photomicrograph  of  a  Au/Cr  anode  surface 
after  sweeping.  Voided  areas  (white)  are  surrounded  by 
thicker  metal  (dark)  regions.  This  porosity  develops 
during  sweeping.  200  X. 

by  the  indiffusion  of  hydrogen.  If  voiding  is  extensive, 
formation  of  AI-OH  predominates  and  sweeping  is 
uniform.  If  the  voiding  and  interfacial  diffusion  of 
hydrogen  is  inhibited,  e.g.  by  the  formation  of  Cr-silicide 
compounds  [I],  then  color  centers  develop  and  the 
sweeping  is  nonuniform. 

When  Au/Cr  electrodes  were  partially  immersion 
overplated  with  gold,  unbleached  color-center  regions 
(see  Fig.  3)  could  be  related  to  the  particle  size  of  the 
gold  anode  above  the  unbleached  region.  In  the  un¬ 
bleached  regions,  the  particle  size  was  small.  In  the 
adjacent  (bleached)  regions  the  particle  size  was  about 


10  times  larger  (see  Fig.  4). 


(b) 


Fig.  3.  Photomicrographs  of  (a)  a  Au/Cr  anode  surface 
after  sweeping.  This  Z-axis  view  is  through  the  quartz 
from  the  cathode  side.  All  dark  areas  to  the  left  of  the 
crystal  edge  are  color  centers.  This  view  shows  two 
vertical  (unbleached)  color-center  areas,  the  one  on  the 
right  coincides  with  a  35°  cut  that  terminates  the  bar.  15 
X.  (b)  This  X-axis  view  shows  the  two  vertical  (un¬ 
bleached)  color-center  areas,  indicated  by  arrows,  and 
the  35°  termination.  (Anode  area,  Z-axis  is  vertical.) 
7.5X. 

Voided  areas  were  only  found  in  the  large  particle  size 
region.  The  smaller  particle  size  regions  were  uninten¬ 
tionally  created  during  the  overplating  procedure. 
Overplating  was  used  to  increase  the  metallization 
thickness  to  allow  parallel-gap  welding  of  gold-plated 
molybdenum  lead-in  ribbon  to  the  metallization.  The 
smaller  particle  size  regions  coincided  with  the  meniscus 
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region  of  the  partially  immersed  cathode  (for  the  pur¬ 
pose  of  overplating). 


(b) 


Fig.  4.  SEM  photographs  of  the  Au/Cr  electrode  (a) 
above  one  of  the  unbleached  color-center  regions 
described  in  Fig.  3.  The  metal  particle  size  is  about  1 
jim.  2500  X.  (b)  an  adjacent  electrode  region  which  has 
developed  porosity  that  has  lead  to  H-indiffusion  and 
bleaching  of  color  centers.  The  metal  particle  size  is 
about  10  pm.  2500  X. 

Welded-ribbon  contact  areas  of  metal  electrodes 
have  been  observed  to  void  extensively,  leading  to  in¬ 
creased  H-indiffusion.  Regions  beneath  the  welded 
ribbon  on  Au/Cr  metallizations  showed  nearly  complete 
bleaching  of  color  centers  (see  Fig.  5(a)).  The  welded- 
ribbon  contact  areas  were  found  to  contain  a  very  high 
density  of  tiny  openings  (see  Fig.  5(b)). 

Using  Au/Cr  striped  electrodes  (see  Fig.  6)  and  lower 


quality  quartz,  it  was  found  that  hydrogen  compensation 
of  Al  develops  uniformly  along  the  Z-axis  (see  Fig.  7). 
Color  centers  have  been  found  to  form  beneath  portions 
of  the  electrode  not  striped.  Edge  voiding  (see  Fig.  8) 
was  found  to  occur  on  thinner  metal  stripes  (25  |im 
width). 


(b) 


Fig.  5.  Photomicrographofa  Au/Cr  anode  surface  after 
sweeping  (Z-axis  views),  (a)  This  view  (through  the 
quartz  from  the  cathode  side),  reveals  color  centers  (dark 
areas).  The  light  wide  vertical  band  marks  the  area 
where  a  gold-plated  molybdenum  ribbon  was  welded  to 
the  electrode.  This  area  shows  complete  bleaching  of 
color  centers.  When  the  ribbon  was  peeled  back,  metal 
under  the  weld  spots  adhered  to  the  ribbon,  exposing 
several  open-quartz  areas.  16.5  X.  (b)  The  same  view 
as  in  (a)  using  backlighting  to  reveal  porosity.  The 
contact  area  contains  a  high  density  of  tiny  openings.  The 
noncontact  area  to  the  right  has  fewer  and  larger 
openings.  37.5  X. 
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Uniform  sweeping,  without  any  appearance  of 
color-center  formation,  also  was  obtained  using  electri¬ 
cally  conducting  amorphous  Y-Ba-Cu-0  film  electrodes 
(see  Fig.  9). 


Fig.  6.  Photomicrograph  of  a  striped  Au/Cr  anode 
surface  after  sweeping.  The  metal  stripe  width  (dark)  is 
130  Jim,  the  open- quartz  stripe  width  (light)  is  65  pm. 
Color  centers  were  found  to  develop  beneath  the  un¬ 
striped  metal-electrode  area  on  the  right.  26.5  X. 


Integrated  Infrared  Absorption  (300”K) 


anod*  Distance  Along  Z-Axis  (  mm  ) 


Fig.  7.  The  integrated  absorption  of  a  series  of  infrared 
scans  (similar  to  Fig.  1)  using  Au/Cr  striped  electrodes. 
Both  as-grown  OH  and  AI-OH  bands  are  fairly  uniform, 
increasing  toward  the  cathode  (seed)  side  of  the  bar. 


DISCUSSION  (NONUNIFORM  SWEEPING) 


Quartz  sweeping  is  affected  by  gas  adsorption  [1,2] 
by  the  voided  metal  film  which,  in  turn,  is  highly  depen¬ 
dent  on  changes  in  the  structure  of  the  film  during 
annealing  [15].  These  changes  occur  when  sweeping  is 
performed  in  controlled  atmospheres,  such  as  forming 
gas,  as  well  as  in  air.  The  development  of  voids  using  air¬ 
sweeping  and  Au/Cr  electrodes  is  probably  enhanced  by 
the  oxidation  behavior  of  Cr.  Chrome  oxide  nodules  and 
ridges  develop  at  400°  C  to  relieve  stress,  providing  a 
high  density  of  mass  transport  paths  [16].  This  stress- 
relief  transition  could  be  related  to  the  onset  of  void 
formation  and  the  noticeable  increase  in  H-introduction 
above  400°  C  [1.17], 

Openings  in  metal-film  electrodes  can  exist  after 
evaporation  of  the  metal,  resulting  from  surface  contami¬ 
nation  and  probably  stress  voiding.  The  existence  of 
internal  stresses  in  Films  deposited  on  a  substrate  is  well 
known.  Thermal  stresses  result  from  a  difference  in  the 
thermal  expansion  coefficients  of  the  film  and  the 
substrate.  Intrinsic  stresses  also  exist,  arising  from 
impurities  in  the  film  and  structural  modifications 
occurring  during  film  growth,  in  amorphous  to  crystalline 
transitions,  and  further  growth  of  crystal  films  during 
high-temperature  annealing  processes. 


Fig.  8.  Photomicrograph  of  a  Au/Cr  striped  anode, 
backlighted  to  reveal  voids.  The  dark  stripes  are  metal, 
the  white  stripes  are  quartz.  The  thin  (25  pm)  metal 
stripes  are  only  voided  at  their  edges.  200  X. 

Stresses  in  the  Au  film  of  the  Au/Cr/quartz  config- 
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uration  are  tensile  before  annealing  and  the  stresses  can 
be  as  large  as  2-3  X  10“9  dyn/cm“  [18,19],  Annealing 
the  films  tends  to  expand  the  metal  more  than  the 
substrate,  resulting  in  a  changeover  at  higher  tempera¬ 
tures  to  compressive  stress  [20].  The  film  relieves  stress 
by  undergoing  internal  and  surface  modifications,  such 
as  particle  growth,  void  formation,  and  surface  diffusion 
[20].  Since  the  atomic  mobility  is  high,  during  the 
extended  time  and  elevated  temperature  of  sweeping, 
the  gold  film  can  relax  by  a  stress-relief-vacancy-creep 
mechanism  [2 1 J  causing  formation  of  \oids  surrounded 
by  thicker  metal  areas  (see  Fig.  2).  Analysis  of  self 
diffusion  under  such  conditions  is  extremely  complicated 
and  depends  on  vacancy  source  and  sink  geometry. 

The  fact  that  metal  voids  form  predominantly  along 
the  narrow  metal  stripe  edges,  where  stresses  are 
expected  to  be  greatest  [22],  suggests  that  a  stress- 
induced  mechanism  is  involved  in  the  nucleation  of  voids 
in  metal  films  used  for  air-sweeping  quartz. 

The  creation  of  voids  beneath  the  welded-ribbon 
contact  areas  could  result  from  the  combination  of  a 
simple  load  on  the  metal  (applied  compressive  stress) 
and  the  intrinsic  tensile  stress  of  the  film.  It  is  well 
known  that  when  tensile  and  compressive  stresses  coexist 
in  metal  films,  vacancy  diffusion  can  occur  from  bound¬ 
aries  in  tension  to  boundaries  in  compression  [21] 
causing  metal  voids  at  elevated  temperatures  [23]. 


Integrated  Infrared  Absorption  (300°K) 


anode  Distance  Along  Z-Axis  (  mm  ) 

Fig.  9.  The  integrated  absorption  of  a  series  of  infrared 
scans  (similar  to  Fig.  1),  using  Y-Ba-Cu-O  electrodes. 
Both  as-grown  OH  and  AI-OH  bands  are  uniform 
across  the  bar. 


Nonuniform  sweeping  is  sometimes  revealed  by  the 
occasional  formation  of  light-scattering  haze  in  samples 
subjected  to  high-temperature  annealing.  The  haze 
occurs  in  unswept  regions  of  the  quartz.  The  formation 
of  haze  does  not  depend  on  sweeping  or  electrode 
effects.  However,  voids  in  the  electrode  will  result  in  the 
development  of  clear  striae  along  the  Z-axis,  indicative  of 
the  formation  of  Al-OH  along  a  cylindrical  column  of 
the  quartz.  When  haze  occurs  near  these  cylindrical 
columns,  the  haze  region  surrounds  the  clear  region 
forming  a  denser  cylindrical  shell  of  haze,  which  in  2- 
dimensions  resembles  a  smoke  ring  (see  Fig.  2(c)  of  [  1  ]). 
This  suggests  that  the  formation  of  AI-OH,  along  the  Z- 
axis.  has  influenced  the  source  of  the  haze  to  diffuse 
laterally  (in  directions  other  than  parallel  to  Z). 

Infrared  spectroscopic  differences  between  haze  and 
clear  (unswept)  regions  were  investigated.  No  differenc¬ 
es  were  found  in  the  near  infrared  region  (5500  -  3800 
cm’1)  which  could  be  attributed  to  the  presence  of 
molecular  water  [24,25]  (see  Fig.  10). 


Fig.  10.  Infrared  (300°  K)  absorption  spectra  of  quartz. 
The  IR  beam  was  along  Y  (4.2  cm  thick,  A  =  clear  path, 
B  =  haze  path).  No  differences  were  found  between 
haze  and  clear  (unswept)  paths  in  the  5500  -  3800  un-1 
region  . 

Great  differences  were  found  in  the  OH-absorption 
(3700  -  3100  cm’1)  region,  in  agreement  with  Iwasaki  [5]. 
Using  deconvoluted  difference  spectroscopy  to  reveal 
individual  bands,  the  principal  difference  OH-bands  can 
be  related  to  the  presence  of  lithium  [6].  Also,  there  is 
a  close  relationship  between  the  IR  bands  associated  with 
haze  regions  found  in  our  swept-cultured  samples  and 
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the  IR  bands  associated  with  light-scatttring  "cluster 
inclusions"  found  in  natural  quartz  [26|  (see  Fig.  11). 
No  differences  were  found  in  the  far  infrared  region 
(1000  -  450  cm’1)  associated  with  the  precipitation  of 
silicates  such  as  LiSiOj  [27-29  [or  LiAlSi04.as  suggest¬ 
ed  by  Cohen  [4]  (see  Fig.  12). 

Low  temperature  IR  spectroscopy  would  aid  in 
more  accurate  identification  and  correlation  of  the 
individual  bands.  Also,  localized  infrared  modes  associ¬ 
ated  with  the  presence  of  cations  might  be  detected  at 
wavenumbers  lower  than  450  cm'1,  in  the  200-400  cm1 
region  [30].  The  source  of  the  haze,  its  character  and 
its  ability  to  diffuse  laterally  remain  puzzling. 


Fig.  11  Deconvoluted  absorption  spectra  of  quartz.  The 
IR  beam  was  along  Y  (4.2  cm  thick,  A  =  clear  path,  B 
=  haze  path).  The  difference  spectrum  (B-A)  is  plotted 
and  the  principal  difference  OH-bands  are  indicated. 
They  are  centered  on:  3525(Li),  3486,  3476(Li), 
3455(Na),  3444(Li),  3435,  3423,  and  3411  cm1.  The 
correlation  between  (B-A)  and  a  similarly  generated 
natural  sample  (N)  (1.7  cm  thick,  IR  beam  perpendicu¬ 
lar  to  Z). 

DISCUSSION  (UNIFORM  SWEEPING) 

Au/Cr  Films  Containing  Stripe  Openings: 

Since  stress-induced  surface  migration  of  metal  to 
create  sufficient  voids  for  uniform  sweeping  is  difficult 
to  control,  periodic  openings  (stripes)  were  etched  in 
Au/Cr  metallizations.  The  openings  provided  sufficient 


electrode-quartz-watervapor  (3-phase)  regions  to  achieve 
uniform  H-indiffusion  during  sweeping  (see  Fig.  7).  The 
formation  of  color  centers  beneath  those  portions  of  the 
Au/Cr  electrode  not  striped,  provides  proof  of  the 
efficacy  of  this  method  of  sweeping  quartz. 

The  metal-stripe  width  (see  Fig.  6)  was  designed  to 
be  less  than  twice  the  apparent  Au/Cr-quartz  interfacial 
H-diffusion  length  found  during  the  sweeping  process. 
An  estimate  of  the  interfacial  H-diffusivity  for  Au/Cr 
electrodes  was  previously  determined  to  be  approximately 
7  X  10’9  cm2/s  [1],  This  was  calculated  using  a  sweeping 
time  of  36  hours  with  the  temperature  above  400°  C. 
The  radius  of  the  interfacially  diffused  area  was  found  to 
be  0.03  cm  [1],  The  metal  stripe  width  was  made  less 
than  twice  this  radius  (since  hydrogen  can  diffuse  inward 
interfacially  from  either  stripe  edge). 


Fig.  12  Infrared  absorption  spectra  of  quartz.  No 
differences  were  found  between  clear  (A)  and  haze  (B) 
paths  in  the  1000  -  450  cm-1  region  (clear  spectrum 
displaced).  The  IR  beam  was  along  Z  (5mm  thick). 


Hydrogen  indiffusion  in  open-quartz  regions  adjacent  to 
a  Au/Cr  boundary  was  previously  reported  and  discussed 
[1]  (see  Fig.  10  of  [1]).  For  this  reason,  it  is  possible 
that  hydrogen  diffuses  into  the  quartz  through  the  open- 
quartz  regions  between  the  metal  stripes.  Since  the  H- 
introduction  region  of  open-quartz  surface  was  found  to 
be  approximately  0.06  cm  wide  [1],  the  open-stripe  width 
was  made  less  than  0.06  cm  to  ensure  uniform  sweeping. 
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Y-Ba-Cu-O  Films: 


Under  the  depositionand  annealing conditionsused 
here,  the  Y-Ba-Cu-O  films  are  amorphous  and  remain 
amorphous  if  the  annealing  temperature  remains  at  or 
below  500°  C  [31].  The  1.75  pm  thick  films  were 
transparent  and  copper  colored.  The  amorphous  to 
crystalline  transition  begins  above  500°  C  and  annealing 
above  550°  C  causes  grain  growth,  voiding,  and  tearing 
of  the  films  [31].  However,  sweeping  at  temperatures  at 
or  below  500°  C  ensures  that  tne  film  will  remain 
amorp.ious.  Voiding  or  tearing  of  the  films  was  not 
detected  at  sweeping  temperatures  at  or  below  500°  C 
(see  Fig.  13). 


Fig.  13.  SEM  photograph  of  a  Y-Ba-Cu-O  film  electrode 
on  quartz  (after  sweeping).  Disregarding  random  film 
inhomogeneities,  voiding  of  the  film  was  not  detected 
using  magnifications  as  high  as  5,000  X. 

Since  uniform  indiffusion  of  hydrogen,  to  form  Al- 
OH,  was  observed  without  any  appearance  of  electron- 
hole  compensation  (color  centers)  of  Al  (see  Fig.  9);  it 
was  assumed  that  sufficient  hydrogen,  from  the  water 
vapor  in  the  flowing-air  atmosphere,  had  diffused 
through  the  film.  Therefore,  voiding  of  the  electrode 
and  interfacial  diffusion  of  hydrogen,  necessary  in  the 
case  of  Au/Cr  electrodes  (and  a  source  of  nonuniform 
sweeping)  is  not  required  for  the  Y-Ba-Cu-O  electrodes. 
It  is  known  that  both  oxygen  and  hydrogen  readily 
diffuse  into  the  Y-Ba-Cu-O  crystalline  phase  [32]  and 
that  YBa2Cu307  in  powdered  crystalline  form  reacts 
very  strongly  with  water  [33]. 


Not  much  is  known  about  the  amorphous  phase  of 
Y-Ba-Cu-O,  but  it  is  suspected  that  films  deposited  at 
room  temperature  without  a  reactive  oxygen  atmosphere 
will  be  subject  to  hydrolysis  [34],  SIMS  techniques  have 
shown  that  hydrogen  is  present  in  the  Y-Ba-Cu-O  quartz 
interface  after  sweeping.  RBS  has  revealed  that  no  Y, 
Ba,  or  Cu  metal  constituents  have  diffused  into  the 
quartz. 

CONCLUSIONS 


Stress-induced  voiding  of  evaporated  metal  elec¬ 
trodes  normally  provides  openings  (electrode-quartz- 
water  vapor  regions)  that  allow  the  indiffusion  ot  Hydro¬ 
gen  for  sweeping.  The  voiding  is  influenced  by  metal 
particle  size  and  the  application  of  compressive  stresses. 

Since  the  extensive  stress-induced  voiding  necessary 
for  uniform  sweeping  is  difficult  to  control,  sufficient 
open  electrode  regions  can  be  created  artificially  to 
ensure  uniform  H-sweeping. 

Uniform  H-sweeping  can  be  achieved  by  using 
conducting  oxide  electrodes  that  permit  the  diffusion  of 
hydrogen  without  the  need  for  electrode  porosity. 
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Abstract 

We  worked  out  the  plasma  etching  method  as 
well  as  some  special  equipment  aiming  the  etching 
of  monocrystal  quartz.  For  this  purpose  the  influ¬ 
ence  of  different  plasma  parameters  on  the  etching 
rate  and  the  surface  profile  were  studied.  Quartz 
wafers  were  etched  with  a  high  rate  (over  0.65 
pm/min)  as  a  result  of  which  thin  quartz  membranes 
were  formed.  On  such  membranes  aluminium  electrodes 
were  deposited  and  resonance  systems  at  42.950  MHz 
were  obtained. 

1.  Introduction 

The  production  of  high  frequency  piezo¬ 
electric  devicesis  is  limited  by  the  level  of  tech¬ 
nology  and  equipment  for  the  mechanical  preparation 
of  quartz  wafers.  By  using  modern  mechanical  me¬ 
thods  a  thickness  of  SO  pm  can  be  attained,  which 
corresponds  to  about  20  MHz  fundamental  resonant 
frequency.  Lately  this  method  has  been  considered 
to  be  on  the  limits  of  its  efficiency. 

Therefore  a  new  method  for  the  preparation 
of  thin  wafers  and  memb-anes  is  needed  Cl, 21.  These 
membranes  serve  as  a  basis  for  development  of  new 
types  of  sense's  for  low  pressure  measurement,  too 
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Thin  membranes  can  be  produced  by  etching 
methods.  The  rate  of  wet  etching  processes  is  de¬ 
termined  by  the  crystal  cut.  Surface  roughness  is 
increased  in  the  process  of  wet  etching  because  mi¬ 
nute  defects  of  the  surface  provide  for  etch  groo¬ 
ves  which  are  limited  by  etch  stable  crystal  pla¬ 
nes.  These  disadvantages  can  be  avoided  by  using 
plasma  etching  [4,51. 

The  high  energy  of  etch  active  particles 
produced  in  a  low  pressure  glow  discharge  exceeds 
the  energy  of  all  chemical  bonds  between  the  sub¬ 
strate  molecules  in  such  a  degree  that  the  etch  ra¬ 
te  becomes  independent  of  the  crystal  cut. 

2.  Experiments 

At  the  Technical  University  of  Karl-Marx- 
Stadt,  DDR,  and  the  Institute  of  Solid  State  Phy¬ 
sics  of  Bulgarian  Academy  of  Sciences  the  plasma 
etching  method  with  a  high  rate  is  established  and 
applied  in  the  production  of  thin  quartz  membranes 
and  the  investigation  of  the  influence  of  quartz 
wafers  orientation  on  the  etch  rate. 

The  quartz  wafers  were  etched  in  a  special 
plasma  etching  device  developed  at  TU  -  Karl-Marx- 
Stadt.  The  plasma  '"eactcr  consists  of  a  planar 
electrode  and  an  asymmetric  grounded  electrode  ir  a 
vacuum  vessel  of  a  conventional  high  vacuum  equip- 


238 


merit  (fig.  1) 

The  discharge  was  maintained  at  a  high 
frequency  <27  MHz),  electrical  pcwer  density  about 
5  W/cmJ  and  pressure  from  10  to  100  Pa.  Etch  gas 
was  CF..  '"he  etch  conf l gurat ion  provided  <or  a  high 
self-bias  voltage  and  in  this  way  high  energy  of 
the  etch  active  ions.  The  achieved  rate  was  from 
0.2  tc  1.2  pm/min,  depending  on  the  plasma  parame¬ 
ters. 

3.  Results 

3.1.  Etching  of  quartz  wafers  with  diffe¬ 
rent  cuts 

The  different  crystal  orientations  of  the 
wafers  were  of  X,  Y,  Z  and  AT-cut.  The  wafers  sur — 
face  were  obtained  through  lapping  with  different 
abrasives  or  polishing. 

The  etch  rate  was  measured  by  means  of  a 
microbalance  with  a  sensitivity  of  10  mg.  Precise 
estimation  of  the  geometrical  dimensions  of  wafers 
with  the  help  of  microscopic  techniques  results  in 
values  *or  the  volume  with  errors  smaller  than  2'/.. 

Etch  rate  is  expressed  by  the  relation: 

ad 

At  ’ 

where  Ad  is  change  of  the  thickness  and  At  -  the 
etch  time. 

The  change  of  thickness  can  not  be  measu¬ 
red  directly  with  high  accuracy  because  of  the 
roughness  of  the  wafers.  Therefore,  at  first  we 
estimate  the  geometrical  dimensions,  which  allow  us 
to  calculate  the  average  mass  density.  Figure  2  de¬ 
monstrates  an  exactly  linear  change  with  mean  slope 
Am 

-  =  <x  and  initial  mass  mo.  Than  we  calculate  the 

At 

etch  rate: 

1  Am  d 

A  At  m..  ’ 


where  d  is  thickness  and  A  -  area  of  the  surface. 

Errors  m  the  measured  etch  rate  can  be 
results  only  of  the  thiciness  measurement  because 
the  weighing  error  is  small.  Within  a  small  error 
the  rate  is  independent  of  the  crystal  cut.  The 
surface  roughness  of  wafers  causes  a  greater  in¬ 
fluence  on  the  rate.  The  difference  between  the  et¬ 
ching  rates  of  the  two  types  of  wafers  (lapped  and 
polished'  is  negligible  -  about  2. ST..  Perhaps  the 
little  bit  higher  etch  rate  connected  with  rough 
wafers  is  due  tc  the  la-ger  effective  surface. 

3>. 2.  Etching  of  quartz  wafers  with  a  dif¬ 
ferent  initial  surface  roughness  and 
under  different  r  Jitions  in  the  et¬ 
ching  process 

Figure  3  shows  the  topography  as  well  as 
some  typical  profiles  of  etched  wafers  with  etching 
depth  -  30,  6>. ,  and  100  pm.  For  comparison  we  also 
give  the  same  characteristics  of  the  lapped  wafers. 
With  the  increase  of  the  etching  depth  the  dimen¬ 
sions  of  the  etching  forms  change  from  1-2  pm  to 
10-15  pm  and  respectively  Fa  -  from  0.18  to 
0.28  pm. 

The  next  figure  4  demonstrates  the  topo¬ 
graphy  of  the  surface  of  a  polished  wafer,  which 
has  been  etched  to  a  depth  of  100  pm.  The  etching 
figures  in  the  peripheral  zone  (fig.  4a)  and  the 
central  part  of  the  wafer  (fig.  4b)  have  forms,  si¬ 
milar  to  the  surface  mechanical  defects  that  appear 
in  the  process  of  lapping  and  polishing  of  the  wa¬ 
fers  (i.e.  break-offs  in  the  periphery  and  scrat¬ 
ches).  Most  of  the  surface  of  the  etched  wafer  is 
equally  etched  and  smooth. 

On  figure  5  a  comparison  is  shown  between 
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100 
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The  roughness  of  the  lapped  wafer  which  we  measured 
before  and  after  etching  is  respectively  0.12  pm 
and  0.22  pm.  The  roughness  of  the  polished  wafer  is 
one  and  the  same  before  and  after  etching  -  Ra  = 
0.002  pm. 

Figure  6  shews  the  dependence  of  the  et¬ 
ching  rate  Ve  on  the  pressure  and  the  self-bias 
voltage  V. 

We  etched  wafers  that  have  undergone  dif¬ 
ferent  mechanical  operations  with  different  abrasi¬ 
ves.  The  way  the  wafers  have  been  mechanically 
treated  does  not  influence  the  etching  rate  which 
is  constant  with  an  allowance  of  37.. 

3.3.  Preparation  of  a  resonator  system  on 
thin  quart:  membranes 

On  quart:  wafers  AT-cut  with  a  thickness 
150  pm  and  diameter  8  mm  which  have  been  lapped 
with  abrasive  3  pm,  as  a  result  of  etching  membra¬ 
nes  were  constructed.  The  membranes  were  situated 
in  the  central  part  of  the  wafers.  On  such  membra¬ 
nes  aluminium  electrodes  were  deposited,  whose  dia¬ 
meter  was  2  mm  and  thickness  -  800  A  (fig.  7). 
These  resonance  systems  were  fixed  with  conductive 
glue  to  standard  holders  for  miniature  resonators 
M2P  (fig.  8).  The  measured  electrical  parameters 
are  the  following: 

-  resonance  frequency  -  42.957  MH: 

-  dynamic  resistance  -  105  il 

-  spectral  characteristic  is  shown  in 

figure  9. 


4.  Conclusions 

Plasma  etching  method  and  correspondi ng 
equipment  with  a  high  rate  etching  are  established 
and  applied  for  production  of  thin  quart:  membra¬ 
nes.  The  influence  of  the  orientation  of  the  wafers 
and  of  different  plasma  parameters  on  the  etching 
rate  and  the  quality  of  the  surface  has  been  inves¬ 
tigated  . 

In  order  to  improve  the  electrical  parame¬ 
ters  of  the  resonance  systems  the  following  must  be 
done: 

-  the  surfaces  of  the  wafers  should  be 
well  polished  before  etching  and  should  be  plane- 
paral lei ; 

-  the  parameters  of  the  plasma  process  and 
the  construction  of  the  masks  ought  to  be  optimized 
in  view  of  manufacturing  membranes  whose  surface 
characten  sti  cs  and  plane-paral  lei  lty  are  similar 
to  those  of  the  initial  wafers. 
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Fig. 6.  Oependance  of  the  etching  rate  Ve  on  the 
pressure  P  and  self-bias  voltage  V 


*6 


Pig. 7.  Diagram  of  the  resonance  system 


plasma  etched  resonator 
MKR(  250) : *2. S57SMHi 
A  ( * )  :  MACTD  -5.$3<I6 


5<B/  -30. 50dB 


Fig. 9.  Spectral  characteri st i c  of  the  resonator 


Fig. 8.  General  view  of  the  resonator 
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ABSTRACT 

This  paper  describes  a  method  and  system 
for  measuring  the  resonance  frequency  of 
piezoelectric  resonators  in  conductive 
fluids  .  One  of  its  applications  is  in 
the  chemical  etching  of  quartz  crystal 
blanks,  where  it  can  be  used  to  monitor 
and  control  either  the  etch  rate  of  the 
etchant  or  the  etching  of  blanks  to  a 
targeted  thickness  or  frequency. 

The  system  comprises  a  "Crystal  Etch 
Monitor"  in  conjunction  with  special 
electrodes  that  are  designed  to  take 
account  and  advantage  of  the  conductive 
nature  of  the  etchant  .  It  can  etch  a 
load  of  blanks  or  a  "monitor"  blank 
different  from  the  etch  load  but  immersed 
in  the  same  etchant  .  When  the  blank 
reaches  a  predetermined  target,  an  etch- 
terminacion  signal  is  triggered  that  can 
be  used  to  alert  an  operator  or  to 
initiate  action  for  automatic  etch 
termination. 


BACKGROUND 

During  etching,  the  blank’s  thickness  is 
reduced  by 

(1)  Delta  T  =  K  (F2-F1)  /  FI  x  F2 , 

where  FI  and  F2  are  the  blank  frequencies 
(in  MHz)  at  the  start  and  end  of  etching, 
respectively,  and  the  constant  K  has  a 
value  of  1000  .  In  industry  parlance. 
Delta  T  is  frequently  referred  to  as 
"Delta  F  Square"  or  ”F  Square"  ( F*  ) . 

If  the  instantaneous  blank  frequency  F 
can  be  measured,  then  etching  to  a  target 
Delta  T  can  be  controlled  by  monitoring  F 
( starting  with  its  initial  value  FI )  and 
by  terminating  the  process  when  F  reaches 
the  target  value  F2 ,  which  can  be 
obtained  from  equation  (1). 


The  etch  rate  is  a  function  of  the 
concentration  and  temperature  of  the 
etchant  and  the  surface  finish  of  the 
blank.  Fig.l  illustrates  the  effect  of 
blank  surface.  It  is  copied  from  Ref.l 
and  shows  that  the  rate  is  constant  for 
polished  or  pre-etched  blanks  but  varies 
for  lapped  blanks  during  the  initial 
etch . 


ELECTRODE 

The  Crystal  Etch  Monitor  (CEM)  measures 
the  blank  frequency  during  etching  by 
means  of  special  electrodes  located  in 
close  vicinity  to  the  blank.  One  of  the 
various  suitable  electrode  configurations 
exposes  only  one  surface  of  the  blank  to 
the  etchant  and  allows  only  one 
individual  blank  to  be  measured  at  one 
time  .  This  blank  will  henceforth  be 
called  BLANK  in  order  to  distinguish  it 
from  other  blanks  that  may  be  contained 
in  the  same  etch  tank. 

Fig .  2  shows  one  type  of  BLANK-electrode 

assembly  immersed  in  etch  fluid  F  in  a 
tank  T.  On  one  side  of  the  BLANK  B  is  a 
rf -conductive  electrode  E  in  close 
vicinity  of  or  in  direct  contact  with  the 
blank  surface.  It  is  insulated  from  the 
etchant  by  an  insulator  I  and  connected 
to  terminal  T1  via  an  insulated  cable  Cl. 
On  the  other  side  of  the  blank,  the 
(conductive)  etchant  acts  as  another 
electrode  that  is  connected  to  terminal 
T2  via  conductor  C  and  insulated  cable 
C2 . 


Fig  .  3  shows  another  type  of  BLANK- 
electrode  assembly  .  In  addition  to  the 
basic  components  of  Fig.  2  it  comprises  a 
spring  SP  that  presses  the  BLANK  against 
a  seal  S. 
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MONITOR  BLANK 

The  BLANK  may  be 

a)  a  single  blank  to  be  etched  to 
target , 

b)  a  representative  of  an  etch  load, 

c)  a  monitor  blank  that  can  be  used  for 
repeated  etching  and  may  have  a 
frequency  different  from  the  etch 
load . 

In  case  a),  the  CEM  can  control  the  etch 
process  according  to  equation  (1). 

In  case  b),  the  CEM  can  control  the 
process  according  to  equation  ( 1  )  if  the 
value  for  K  is  doubled  to  account  for  the 
fact  that  the  BLANK  is  etched  on  one  side 
only,  i.  e.  at  half  the  rate  of  the  etch 
load . 

In  case  c),  the  monitor  etch  rate  is 
constant,  since  the  monitor  will  normally 
be  pre-etched  from  use  over  repeated  etch 
cycles  .  If  the  etch  load  is  also  pre¬ 
etched  or  polished,  etching  can  be 
controlled  as  in  case  b)  .  However,  if 
the  etch  load  has  a  lapped  surface, 
etching  can  be  reliably  controlled  ONLY 
if  there  is  a  defined  and  repeatable 
correlation  between  the  thickness  removal 
of  the  monitor  and  the  thickness  removal 
of  the  etch  load  .  This  correlation  is 
discussed  below  under  "Experimental 
Results"  . 


MEASUREMENT  CONSIDERATIONS 


The  objective 
removal  in 
measurements 
changes  during 
measured  either 
frequently. 


is  to  determine  etch 
terms  of  frequency 
Since  the  frequency 
etching,  it  must  be 
continuously  or  fast  and 


It  remains  to  be  determined  which 
frequency  to  measure  .  In  normal  blank 
and  resonator  measurements,  it  is  the 
series  resonance  frequency  that  is  of 
interest  .  However,  etch  measurement 
conditions  are  different  from  normal 
conditions  because  of  the  immersed 
BLANK’S  very  low  values  for  both  Q  and 
Factor-of-Merit  M.  As  a  result,  not  only 
is  it  impossible  to  determine  the  exact 
series  resonance  via  a  single-point 
measurement,  but  even  the  traditional 
multipoint  measurements  fail  because  the 
admi ttance/ impedance  curves  are  no  longer 
circles  in  the  complex  plane  .  This  is 
due  to  the  fact  that  the  Co-reactance  can 
no  longer  be  considered  constant  over  the 
spectrum  of  interest,  and  it  is  evidenced 


by  the  fact  that  the  factors  inter¬ 
relating  the  characteristic  resonator 
frequencies  become  imaginary  for  low  M 
1  Ref .  2). 

Fortunately  it  is  not  necessary  to 
measure  the  exact  series  resonance 
frequency  if  there  is  another 
characteristic  BLANK  frequency  that  can 
be  measured  with  good  repeatability 
This  is  apparent  from  equation  il),  which 
depends  on  frequency  DIFFERENCE,  i  .  e. 
requires  only  relative  accuracy  of 
frequency  measurement. 

The  characteristic  frequency  chosen  for 
the  CEM  is  the  frequency  of  the 
inflection  point  of  the  slope  of  the 
BLANK’S  impedance  vs  .  frequency  curve 
between  series  resonance  and  anti- 
resonance  .  This  frequency  is  bounded 
within  relatively  narrow  limits  and  can 
be  measured  with  good  repeatability. 

Another  consideration  is  the  accuracy  of 
Delta  T  measurements  in  terms  of  the 
frequency  resolution  .  The  present  CEM 
has  a  5-digit  floating  point  frequency- 
display,  i  .  e  .  its  worst  resolution  is 
100  ppm  .  This  means  that  the  accuracy 
will  be  poor  for  small  values  of  Delta  T. 
For  instance,  the  maximum  tolerance  will 
be  10X  if  the  frequency  difference  is 
1000  ppm.  The  corresponding  Delta  T  can 
be  obtained  from  equation  (1)  (for  K=2000 
and  ( F2-F1 )  =  .001)  as 

( 2 )  Delta  T  =  2/  F2  (in  MHz ) 

Equation  (2)  shows  that  for  a  given  Delta 
T  and  limited  frequency  resolution,  the 
measurement  accuracy  increases  with 
increasing  BLANK  frequency  .  From  this 
point  of  view,  a  high  monitor  frequency 
is  desirable .  On  the  other  hand,  a  low 
frequency  (thick  BLANK)  would  be 
desirable  for  maximum  longevity  of  the 
monitor . 


SYSTEM  CONNECTION  AND  OPERATION 

Fig  .  4  shows  a  diagram  of  the  etch 
control  system,  including  the  CEM  and  the 
electrode/BLANK  arrangement  of  Fig  .  2  . 
Terminals  T1  and  T2  are  connected  to  a 
measurement  probe  P  that  is  connected  via 
coaxial  cable  to  the  CEM,  which  provides 
two  output  signals:  SI  triggers  when  the 
BLANK  frequency  equals  the  target 
frequency;  S2  can  be  set  to  trigger  at  a 
predetermined  frequency  below  the  target 
frequency  and  can  be  used  to  initiate 
anticipatory  action  (such  as  alerting  the 
operator)  before  etch  termination. 
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As  mentioned  before,  the  CEM  can  be  used 
to  monitor  the  etch  rate  of  an  etchant 
or  to  control  the  etching  of  one  or  more 
blanks  to  a  predetermined  target.  In  the 
latter  case,  the  basic  operating  steps 
are : 

1  .  Enter  target . 

2.  At  the  start  of  etching,  push 
"START” . 

3.  Upon  reaching  target,  the  CEM 
switches  to  STOP  and  triggers  an 
etch-termination  signal. 

Since  some  users  may  be  accustomed  to 
etching  and  targeting  in  terms  of  Delta  T 
and  others  in  terms  of  frequency,  the  CEM 
offers  the  choice  between  both  modes,  as 
follows : 

Delta  T  Targeting 

The  operator  enters  the  target  Delta  T 
for  the  etch  load  .  At  the  start  of 
etching,  the  CEM  measures  the  BLANK'S 
start  frequency  FI,  computes  F2  from 
equation  (2),  and  terminates  etching  when 
the  BLANK  frequency  reaches  F2 . 

Frequency  Targeting 

The  operator  enters  start  frequency  and 
target  frequency  of  the  etch  load.  From 
this,  the  CEM  computes  Delta  T  via 
equation  (1)  .  At  the  start  of  etching, 
the  CEM  measures  the  BLANK’S  start 
frequency  FI,  computes  F2  from  equation 
(2),  and  terminates  etching  when  the 
BLANK  frequency  reaches  F2 . 


EXPERIMENTAL  RESULTS 
1.  Monitor 

For  now,  10  MHz  blanks  with  11  .5  mm 
diameter  were  selected  for  monitors  and 
packaged  similar  to  Fig  .  2,  using 
materials  that  withstand  the  harsh 
etching  environment.  If  this  monitor  is 
etched  to  half  its  thickness,  it  can 
monitor  a  total  etch  load  removal  of 
about  100  ( F2  )  ,  provided  it  is  free  of 
etch  channels. 

2  .  Monitor  Etch  Rate  Correlation 
Measurements  were  made  to  test  and 
establish  the  relationship  between 
thickness  removal  if  monitor  and  etch 
load  .  These  measurements  -  based  on  an 
early  CEM  prototype  and  a  10  MHz  monitor 
-  are  summarized  in  Table  1  and  explained 
as  follows: 

Four  different  groups  of  lapped  crystals 
were  tested  .  Each  group  comprised  3 
subgroups  of  5  crystals  that  were 
preselected  for  narrow  frequency  spread. 
Each  subgroup  was  etched  separately. 


The  table  lists  the  following  data  for 
each  group:  Surface  Finish  (in  micron); 
Thickness  Removal  of  monitor  (in  F2  ) ; 
"Work  Removal",  defined  as  thickness 
removal  of  etch  load  (in  F2  )  ;  "Absolute 
Repeatability",  defined  as  the  total 
spread  (in  F2  )  readings  for  all  finished 
crystals;  "Maximum  Error  on  Work", 
defined  as  the  maximum  error  (in  KHz)  for 
frequency  readings  for  all  finished 
crystals . 

In  all  cases  the  etch  load  thickness 
removal  is  larger  than  the  monitor 
removal  .  The  difference  becomes  larger 
for  coarser  surface  finish,  as  is  to  be 
expected  according  to  Fig.  1. 

In  all  cases,  the  "maximum  frequency 
error"  is  less  than  600  ppm. 

In  the  two  plano-plano  cases  with 
thickness  removal  of  .444  F2  or  more,  the 
"Absolute  Repeatability"  is  better  than 
5X,  while  for  the  smaller  thickness 
removal  of  .219  F2  it  increases  to  8.6X. 
The  lower  accuracy  for  lower  Delta  T  is 
to  be  expected  from  equation  (2) 
According  to  this  equation,  a  10  MHz 
BLANK  can  have  a  resolution-dependent 
error  of  up  to  10X  for  a  Delta  T  of  0.2. 

All  results  were  affected  by  an 
instability  in  monitor  frequency  readings 
of  +/-2  KHz.  For  the  10  MHz  monitor  this 
corresponds  to  an  instability  of  +/-200 
ppm  or  ♦  /-  .02  F2  .  This  instability  has 

been  reduced  to  about  +/-50  ppm  in  the 
present  CEM. 

The  same  monitor  was  used  for  all 
measurements  .  It  was  continuously 

submerged  in  etchant  for  several 
operating  shifts  without  deterioration  or 
response  change. 


CONCLUSIONS 

Obviously,  more  work  is  needed  to 
optimize  the  system  and  to  gain 
experience  with  it  as  a  production  tool. 
However,  several  promising  conclusions 
can  be  drawn  from  these  two  main  results: 

1)  The  system  permits  reliable  blank 
frequency  readings  with  a 

repeatability  better  than  500  ppm. 

2  )  For  given  thickness  removal  and  blank 
surface,  there  is  a  repeatable 
correlation  between  the  thickness 
removals  of  monitor  blank  and  etch 
load . 


248 


From  1)  we  can  derive  these  conclusions: 

la)  The  system  can  be  used  to  etch  to  a 
predetermined  frequency. 

lb)  The  system  can  be  used  to  monitor  the 
etch  rate  of  an  etchant. 

lc  )  The  rate  monitor  system  per  lb)  can 
likely  be  expanded  to  control  the 
etch  rate  of  an  etchant  -  for 
instance  by  feedback  adjustment  of 
one  or  more  of  the  variables 
affecting  the  etch  rate. 

ld)  A  system  per  lc  )  can  be  used  for 
etching  to  a  predetermined  thickness 
removal,  since  the  etch  time  for 
given  etch  conditions  (etch  rate, 
blank  surface,  Delta  1)  is 
predictable . 

le)  A  system  per  lc)  could  also  be  used 
to  control  the  etch  rate  of  etchants 
that,  while  causing  thickness  removal 
in  quartz  (or  other  piezoelectric 
resonators ) ,  are  used  for  etching 
materials  other  than  quartz,  such  as 
s i 1 icon . 


CEM  SPECIFICATIONS 


Freq.  Range 
Delta  T  Range 
Display 

Computer  Interface 


1-95  MHz  * 
0.001  -  1000 
Freq.  or  Delta  T 
RS  232 


*  While  the  CEM  has  measurement 

capabilities  covering  this  range,  it 
has  so  far  only  been  applied  to  etching 
of  fundamental  monitor  blanks  from 
about  4  to  25  MHz  and  to  measuring 
third  overtones  to  about  45  MHz. 
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From  2)  we  can  conclude: 

2a)  Etch  control  using  a  BLANK  that  is  a 
representative  of  the  etch  load  is 
feasible  and  can  be  effected  in  terms 
of  equation  ( 1  )  . 

2b)  Etch  control  using  a  monitor  blank  is 
feasible  and  can  be  effected  in  terms 
of  empirical  correlations  between  the 
thickness  removals  of  monitor  and 
etch  load.  These  correlations  depend 
on  blank  surface  and  target  Delta  T 
and  can  be  stored  in  written  or 
computer  memory. 


For  small  values  of  Delta  T,  its 
measurement  accuracy  is  limited  by  the 
resolution  of  the  frequency  measurement. 
This  can  be  alleviated  in  two  ways: 

a)  by  increasing  the  resolution; 
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b)  by  controlling  etch  time  and  etch 
rate  (as  in  Id),  while  basing  the 
etch  rate  measurement  on  frequency 
readings  taken  at  steps  sufficiently 
larger  than  the  frequency  resolution. 
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ETCH  IN 


DESCRIPTION 


I. 2288  KHs 
BICONVEX 

II. 8  NHz 
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A  COMPARISON  OF  LASER-INDUCED  TWINNING  OF  QUARTZ  BASED  ON 
CHARACTERISTICS  AND  SUPPLIER 


K.L.  Blisnuk,  J.G.  Guaitieri  and  R.A.  Murray 


USALABCOM,  ET  &  D  Laboratory,  Fort  Monmouth,  NJ.  07703-5000 


Abstract 


AT-cut  samples  were  irradiated  at  room  tem¬ 
perature  using  a  focused  C02  laser.  For  both  swept 
and  unswept  material,  it  was  found  that  irradiance 
levels  necessary  for  twin  nucleation  did  not  correlate 
with  a  (3500  cm'1)  in  the  range  0.028  <  a  <  0.189. 

Surface  twins,  forming  on  AT-cut  plates,  re¬ 
mained  approximately  the  size  of  the  irradiated  area. 
After  repeated  exposures,  the  twinned  area  formed 
figures  resembling  the  calculated  ferrobielastic  stress 
diagram  for  AT-cuts/1)  Twinned  areas  were  more 
irregular  in  high  etch  channel  regions.  SC-cut  twins 
showed  a  tendency  to  extend,  in  a  direction  close 
to  the  z-axis,  towards  the  edge  of  the  sample  in  only 
one  direction.  This  result  differs  with  the  more  sym¬ 
metric  stress  diagram  calculated  for  the  SC-cut. 


can  occur  when  the  quartz  is  subjected  to  localized 
heating  which  induces  internal  stresses.  If  the  stresses 
are  high  enough,  the  quartz  will  twin  in  that  area. 
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Introduction 

The  quality  of  quartz  material,  including 
susceptibility  to  twinning,  is  an  important  concern 
in  many  applications.  Dauphind  twins  can  form  from 
the  normal  processing  of  a  quartz  crystal,  e.g.,  cutting 
quartz  bars  can  produce  surface  twins  in  the  plane 
of  the  cut/2)  Dauphind  twinning  in  quartz  can  be 
induced  by  internal  stresses  created  by  mechanical 
deformation  or  thermal  expansion  produced  by  the 
absorption  of  laser  radiation. 

Electrical,  or  Dauphind,  twinning  in  quartz 
results  when  silicon-oxygen  atomic  groups  are  shifted 
through  distances  of  about  0.3  angstroms.  Since  the 
movement  is  the  same  order  of  magnitude  as  thermal 
vibrations  at  room  temperature,  it  does  not  break 
Si-O  bonds/3)  The  structures  of  an  interpenetrating 
twin  and  the  untwinned  area  can  be  brought  into 
coincidence  if  one  is  rotated  through  180  degrees 
about  the  c-axis/1)  as  shown  in  Figure  1.  Twinning 


Figure  1.  Dauphind  twin  formation  and  untwinned 
region  (from  Anderson,  et.  al.  (Ref.  1)). 

The  presence  of  twinning  can  degrade  the 
performance  of  quartz  resonators/4)  It  has  been 
asserted  by  some  that  high  Q  quartz  twins  easier  than 
low  Q  material.  The  Hewlett  Packard  Company’s 
quartz  resonator  and  transducer  operation  specifies 
a  Qir  of  no  less  than  2.2  million  and  no  greater  than 
2.6  million.  Although  a  Q1R  greater  than  2.6  million 
would  be  desirable  for  their  applications,  experience 
with  their  major  supplier  of  quartz  has  taught  them 
that  when  Q!R  >  2.6  million,  the  incidence  of  twinning 
increases/5)  Fronde/6)  also  noted  that  quartz  of 
relatively  pure  quality  twins  more  readily,  however, 
no  quantitative  evidence  was  given.  Bandyopadhyay 
and  Merkle^7)  studied  the  influence  of  impurities  and 
defects  on  laser-induced  damage  in  quartz.  Their 
results  indicated  that  OH'  concentrations  (used  to 
determine  QIR)  did  not  influence  damage  resistance 
using  either  single-  or  multiple-pulse  irradiation. 


US  GOVERNMENT  WORK  IS  NOT  PROTECTED 
US  COPYRIGHT 


251 


The  objective  was  to  determine  whether  the 
0!R  or  other  properties  of  cultured  quartz  influences 
twinning  and  if  the  tendency  to  tw  in  can  Ire  correlated 
with  supplier.  Twinning  was  induced  in  quartz  by 
the  absorption  of  C02  laser  radiation  following  work 
done  by  Anderson  et  al/1*  This  method  of  twinning 
quartz  is  efficient  and  reproducible.  The  samples 
were  irradiated  at  room  temperature. 


F.xnerimental  Method 

Lumbered  Y-bars  were  used  for  producing 
AT-cut  plates.  The  absorption  coefficient  a(35()() 
cm'1),  using  FI  A  Standard  F1A-477-1,  was  measured 
to  determine  Q(R-values  before  further  processing 
was  done.  One-half  of  each  bar  was  swept  and  AT- 

ZnSe 


used.  The  laser  beam  was  focused  down  from  its 
7  mm  width  to  1  mm  to  increase  the  power  density. 
A  beamsplitter  was  used  to  take  a  portion  of  the 
unfocused  beam  (17%)  and  direct  it  to  a  thermopile 
detector  for  power  measurement.  Samples  were 
irradiated  for  one  second,  then  the  samples  were 
chemically  etched  in  2:1  HF:M20  solution  to  reveal 
the  twins,  if  any  had  been  produced.  If  no  twins  were 
found,  the  process  was  repeated  at  a  higher  beam 
power.  The  Q,R.  quartz  cut  and  type  (whether  it 
was  swept  or  unswept  and  how  it  was  classified 
according  to  its  growth),  etch  channel  density  (p) 
in  the  area  of  the  twin,  surface  finish,  irradiation  levels 
used  and  quartz  supplier  were  recorded.  A  summary 
of  the  quartz  material  used  is  shown  in  Table  I.  SC- 
cut  blanks  were  used  to  determine  twin  shape  only, 
as  the  blanks  were  already  processed  by  the  supplier 

Beamsplitter  n  _  , 

Beam  Bender/Focuser 


Holder 

f  igure  2.  Laboratory  setup  for  laser  irradiation  of  quartz  plates. 


cut  plates  were  cut  from  each  bar  and  lapped 
mechanically  to  a  1  /zm  polish.  The  plates  were 
chemically  polished  in  a  saturated  N2H4F  IIF.I  l20 
solution  for  1-2  hours  at  70°C,  removing  about  13 
Aim  from  each  surface.  The  z-axis  was  determined 
optically  and  the  thickness  of  each  sample  was 
measured.  A  sketch  of  surface  features  was  also  made 
to  assist  in  identification  of  each  piece.  The  a’s 
ranged  from  0.028  to  0.189,  which,  using  equation 
(10)  of  Reference  (8),  corresponds  to  a  0  range  of 
2.55  million  to  0.63  million.  The  sample’s  etch- 
channel  densities  ranged  from  0  to  200  /cm2. 

A  diagram  of  the  laboratory  setup  is  shown 
in  Figure  2.  An  Apollo  flowing-gas  CC)2  laser  was 


without  including  a  precise  analysis  of  Q)K.  The  as 
received  SC-blanks  were  too  thin  to  allow  an  accurate 
Q1R  determination  and  so,  no  further  analysis  was 
performed. 


Fxnerimental  Results 

The  twin  nucleation  data  obtained  were 
divided  into  separate  supplier  files  of  swept/unswept 
groups.  They  were  then  compared  to  determine  if 
relations  between  a  and  the  power  density  (threshold 
irradiance  required  to  twin),  etch  channel  density 
or  twin  size  could  be  found.  Ftch  channel  densities, 
twin  sizes  and  irradiances  were  also  compared. 
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Figure  3  shows  a  graph  of  threshold  irra-  to  the  area  under  direct  irradiation.  After  repeated 

diance  vs.  a.  For  the  range  of  a’s  studied,  there  irradiations,  these  twins  nucleated  distinct  lobes 


AT  SWEPT 

AT  UNSWEPT 

SC  SWEPT 

SC  UNSWEPT 

SUPPLIER  A 

15 

Q=0.7,  1.9* 

15 

Q=0.6,  1.8 

SUPPLIER  B 

5 

Q=L3 

10 

Q=1J,  1.4 

SUPPLIER  C 

10 

Q=1.2,  2.4 

29 

Q=0.9,  1.2,  1 3, 

1.8,  2.6 

18 

Q>2.0 

17 

Q>2.0 

TOTAL 

30 

54 

18 

17 

All  0  values  given  are  times  106. 


Table  I.  Sample  categories.  A  summation  of  the  types  of  samples  irradiated.  SC-cuts  were 
irradiated  only  to  determine  the  shape  of  their  twins. 


is  no  relationship  between  a  and  the  amount  of 
energy  required  to  initiate  twinning.  Comparing  a 
to  twin  size,  as  in  Figure  4,  again,  shows  no 
correlation.  This  supports  the  findings  of 
Bandyopadhyay  and  Merkle,  who  found  that  factors 
related  to  QIR  do  not  influence  quartz  laser  damage 
behavior. 

Unswept  quartz  from  all  three  suppliers 
showed  a  common  tendency  for  the  twin  size  to 
increase  with  increasing  threshold  irradiance  (see 
Figure  5).  The  same  comparison  for  swept  material 
(see  Figure  6)  indicates  no  relationship  between  the 
two  parameters  for  any  supplier.  This  change  of  the 
twinning  behavior  due  to  sweeping  has  not  been 
reported  before.  Figures  7  and  8  compare  twin  size 
vs.  etch  channel  density  for  the  Q  ranges  shown. 
Figure  7  shows  an  increase  in  twin  size  as  etch 
channel  density  increases  for  supplier  C  only.  Figure 
8,  which  compares  the  same  parameters  with  low-Q 
data,  shows  no  such  relationship  for  any  supplier. 
With  the  exception  of  data  for  supplier  C  in  Fig.  7, 
data  in  both  Fig.  7  and  8  indicate  no  correlation 
between  the  two  parameters.  Comparison  of  etch 
channel  densities  to  the  twinning  irradiances,  as  shown 
by  Figures  9  and  10,  did  not  show  any  correlation. 

The  size  and  shape  of  the  twins  formed  on 
AT-  and  SC-cuts  were  also  studied.  Figure  11(a) 
shows  the  predicted  ferrobielastic  stress  diagram  for 
AT-cuts/  ^  where  6  =  35.25°.  AT-cuts  formed  twins 
on  the  surface  of  the  sample,  which  remained  confined 


corresponding  to  the  preferred  twinning  directions 
shown  in  Figure  11(a)  (solid  lines).  The  dashed  lines 
show  the  anti-twinning  directions.  The  figure  was 
calculated  from  ferrobielastic  stress  theory,  and  is 
based  on  the  AT-cut  calculations  of  Anderson,  et 
al/1*  They  found  the  angular  dependence  of 
ferrobielastic  switching  stress  to  be: 

[3sin2ijr  -  cos2i|rsin20]cos2iJrsin0cos0. 

Figures  11(b)  and  11(c)  compare  the  twins 
formed  on  AT-cuts  having  two  distinct  regions.  One 
region  contained  a  large  amount  of  etch-channels 
and  the  other  area  was  etch-channel  free.  The  shape 
of  the  twins  in  each  region  show  different  features. 
Figure  11(b)  shows  a  twin  formed  in  the  area 
containing  no  etch-channels.  It  has  straighter 
boundary  lines  than  the  twin  formed  in  the  region 
with  etch-channels  (Figure  11(c)).  The  twinned  area 
in  Figure  11(c)  has  jagged  boundaries  except  near 
the  "border"  between  the  two  regions.  There  the 
twin  has  straight  boundaries,  similar  to  those  of  the 
twin  in  Figure  11(b). 

The  ferrobielastic  stress  diagram  for  the  SC- 
cut  is  shown  in  Figure  12(a),  where  <j>  =  22°  and  0 
=  33.9°.  Following  Anderson,  etal/1/  the  calculated 
angular  dependence  of  the  ferrobielastic  switching 
stress  for  the  SC-cut  was  found  to  be: 

[3cos2<J>sin2i|r  +  3sin2<f>sin20cos2\|r 
-  8cos<j>sin\|rsin<t>sin0cosr|r  -  sin24>sin24r 
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-  cos24>sin20cos24f]  [sin<J>simJ» 

+  cos<J>sin0cosi|»]  cos0cos\j». 

When  irradiated  at  room  temperature  (as 
the  AT-cut  samples  were),  the  SC-cut  showed  a 
tendency  to  form  one  dominant  lobe  which  extended 
to  the  edge  of  the  sample  (Figure  12(b)),  and  three 
smaller  lobes  extending  from  the  center  of  irradiation 
The  diameter  of  this  sample  is  about  14  mm.  Figure 
12(c)  shows  the  twin  nucleated  on  an  SC-cut  blank 
irradiated  at  a  temperature  of  400°  C.  This  twin 
shows  complete  formation  in  all  lobes,  as  the  stress 
needed  to  induce  twinning  decreases  with  increasing 
temperature.*^ 

Conclusions 

Correlations  between  a  and  twin  size  or  a 
and  twin  nucleation  irradiance  were  not  found  for 
the  quartz  samples  used  in  this  study.  This  is  an 
important  negative  result  because  it  does  not  support 
ideas  currently  held  in  the  crystal  industry.  Taken 
with  the  work  of  Bandyopadhyay  and  Merkle/7^  who 
found  no  correlation  between  OH  levels  and  laser 
damage  in  quartz,  this  may  indicate  that  factors  other 
than  Qir  are  involved  in  the  ease  with  which  quartz 
twins.  Further  examination  of  higher  Q1R  quartz 
material  needs  to  be  done,  since  the  maximum  QIR 
of  the  samples  in  this  study  measured  only  2.6  million. 

A  correlation  between  twin  size  and  twin 
nucleation  threshold  irradiance  for  all  three  suppliers 
was  found  for  unswept  quartz,  but  not  for  swept 
quartz.  This  has  not  been  reported  in  the  literature. 
Possibly  the  interstitial  Li  and  Na  atoms  in  the 
unswept  quartz  react  to  the  laser  radiation,  or  distort 
the  lattice,  so  that  the  twin  sizes  were  larger  for 
samples  with  higher  nucleation  thresholds.  When 
these  Li  and  Na  lattice  sites  in  the  quartz  were 
replaced  with  H,  as  happens  during  sweeping,  the 
correlation  between  twin  size  and  twin  nucleation 
threshold  irradiance  vanishes.  Only  slight  differences 
between  swept  and  unswept  samples  are  seen  in  the 
irradiance  vs.  a  and  in  the  twin  size  vs.  a,  so  this 
behavior  is  difficult  to  explain.  It  is  possible  that  the 
levels  of  interstitial  alkali  atoms  in  quartz  affects 
twinning  more  than  the  QIR  which  measures  OH. 

A  correlation  was  also  found  between  twin 
size  and  etch  channel  density  for  high  QIR  samples 
from  supplier  C.  The  twin  size  of  the  samples 
increased  with  etch  channel  density.  This  was  not 
found  in  samples  from  the  other  two  suppliers. 


Supplier  C  samples  with  a  OjR  of  about  1.8 
x  106  required  an  unusual  amount  of  energy  before 
they  would  twin,  producing  noticeably  large  twi.is 
which  penetrated  through  the  sample.  Again,  the 
other  two  suppliers  did  not  show  this  behavior  at 
comparable  QIR-values.  Low-Q1R  samples  formed 
small  surface  twins,  confined  to  the  region  under 
irradiation.  This  characteristic  may  make  it  possible 
to  "label"  some  quartz  with  surface  twins  identifying 
the  material  as  to  type,  cut,  supplier,  etc.  Quartz 
material  from  supplier  C  showed  greater  differences 
from  the  other  suppliers  in  irradiance  levels  and  twin 
sizes  formed.  This  may  be  due  to  irregularities  in 
the  limited  number  of  samples  tested,  and  not 
indicative  of  supplier  C  material  as  a  whole. 

A  secondary  ion  mass  spectroscopy  (SIMS) 
scan  was  performed  on  a  twinned  SC-cut  sample. 
Compositional  differences  between  twinned  areas 
and  untwinned  areas  showed  no  differences.  Further 
work  will  be  done  on  other  samples  and  comparisons 
made  between  suppliers  to  see  if  any  compositional 
trends  develop. 
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Irradiance  (W/cm2) 


Figure  3.  Twin  nucieation  threshold  Figure  4.  Twin  size  vs.  a. 

irradiance  vs.  a.  Uppercase  letters 
indicate  unswept  material,  lowercase  is 
swept  material. 


Figure  5.  Twin  threshold  irradiance  vs.  Figure  6.  Twin  threshold  irradiance  vs. 

twin  size  (unswept  material).  Q1R  varied  twin  size  (swept  material).  QIR  varied 

from  0.63  to  1.9  x  106.  from  0.7  to  1.31  x  106.  K 


Figure  7.  Twin  size  vs.  etch-channel 
density  (unswept  material).  QIR  varied 
from  1.8  to  2.6  x  106. 


Figure  8.  Twin  size  vs.  etch-channel 
density  (unswept  material).  Q1R  varied 
from  0.63  to  1.4  x  106. 
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Irrodionce  (W/cm*) 


Figure  9.  Twin  threshold  irradiance  vs. 
etch-channel  density.  Q1R  varied  from 
0.63  to  1.31  x  106. 


Figure  11.  Twin  formation  for  AT-cut 
material,  (a)  Ferrobielastic  stress  diagram 
showing  preferred  twinning  directions  for 
the  AT-cut.  (b)  Photograph  of  an  AT-cut 
plate  irradiated  in  its  lower  half,  which 
contained  etch-channels.  Note  irregularity 
of  twin  except  at  top,  where  twin  boundary 
forms  angular,  straight  lines.  This  area  of 
the  plate  is  the  boundary  where  etch- 
channels  end.  (c)  Another  AT-cut  plate 
with  etch-channel  distribution  as  (b).  The 
etch-channel  free  region  was  irradiated 
and  the  twinned  area  developed  straighter 
boundaries. 


Figure  10.  Twin  threshold  irradiance  vs. 
etch-channel  density.  Q|R  varied  from  1.8 
to  2.6  x  106. 


(c) 
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(a) 


Figure  12.  Twin  formation  for  SC-cut 
material,  (a)  Ferrobielastic  stress  diagram 
showing  preferred  twinning  directions  for 
the  SC-cut.  (b)  SC-cut  blank,  irradiated  at 
room  temperature,  shows  one  lobe  of  the 
twin  extending  to  the  edge  of  sample,  (c) 
Different  SC-cut  blank,  irradiated  at  400° 
C,  showing  a  twin  better  resembling  the 
diagram  in  (a). 


(c) 
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ABSTRACT 

In  this  paper  a  system  is  presented  that 
automatically  adjusts  the  frequency  of  a  quartz 
standard  unit  to  the  frequency  of  a  reference 
unit.  In  fact,  for  some  applications,  it  is 
necessary  to  use  sources  of  different  nature 
exactly  at  the  same  frequency.  As  a 
consequence  sources  affected  by  frequency  drift 
must  be  periodically  adjusted.  The  quartz 
standard  automatic  frequency  adjustment  system 
(A.F.A.S.)  presented  here  has  the  following 
features  : 


frequency  difference  range  :  Af/f  =  2  10 

residual  frequency  difference  after 
adjustment  :  A  10 

It  is  eventually  possible  to  ^jart  with 
frequency  differences  as  large  as  10  b^t  the 
final  resolution  then  drops  down  to  3  10 

This  A.F.A.S.  has  been  successfully  used 
to  adjust  quartz  standard  units  to  a  cesium 
reference. 

INTRODUCTION 


*  Automatic  starting  of  adjustment  as 
soon  as  the  signal  to  be  frequency  adjusted 
appears. 

*  The  adjustment  value  is  held  between 
two  successive  adjustment  procedures  with  a 
minimum  signal  degradation. 

*  Small  electronic  device  easy  to  add  in 
an  ordinary  quartz  standard  unit. 

The  adjustment  is  made  through  a  change 
of  the  varicap  voltage  (easy  on  a  quartz 
standard  unit).  A  phase-locked  loop  with 
controlled  self-oscillation  is  used. 

The  presented  A.F.A.S.  includes  a 
phasemeter  comparing  phases  between  the 
reference  signal  and  the  signal  to  be  frequency 
adjusted.  The  output  of  the  phasemeter  is 
shaped  so  as  to  trigger  a  specific  numerical 
block  which  works  as  a  "wi  thout-zero 
integrator".  The  without-zero  integrator  also 
insures  the  storage  of  adjustment  as  soon  as 
frequencies  are  close  enough.  End  of  frequency 
adjustment  procedure  is  determined  by  use  of 
self-oscillation  counting. 

In  this  paper,  the  previous  procedures 
and  the  schematics  used  are  described  in 
details  especially  the  phase-locked  loop  system 
and  the  set  f-osci  I  la  tion . 

Results  obtained  are  as  follows  (at  5  MHz) 


Time  measuring  systems  or  navigational 
systems  often  use  several  time  bases  which  must 
have  sources  at  the  same  frequency. 
Consequently,  frequency  drifts  of  such  sources 
must  be  periodically  corrected. 

This  paper  describes  a  circuit  designed  to 
adjust  the  frequency  of  a  quartz  standard  unit 
to  the  reference  unit's. 


The  main  requirements  of  the  automatic 
frequency  adjustment  system  (AFAS)  are  first 
reviewed.  In  the  following  sections  the  built 
system  is  described.  Some  theoretical 
investigations  and  a  few  measurements  are 
presented . 


1  -  REQUIREMENTS 


Sources  to  be  frequency  adjusted  are 
quartz  oscillators  which  usually  provide  an 
external  tuning  voltage  for  that  purpose.  The 
automatic  frequency  adjustment  system 

(A.F.A.S.)  uses  the  monitoring  voltage  by  the 
means  of  a  well-known  phase-locked  loop 
principle.  Nevertheless  the  described  solution  is 
closely  related  to  following  specific 
requirements  : 


-  The  oscillator  controlling  voltage  must 
be  locked  between  two  successive  adjustments 
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within  a  range  of  0  to  10  Volts. 


-  The  oscillator  frequency  stability  must 
not  be  perturbed  by  the  A.F.A.S.  except  during 
adjustment  process.  This  is  particularly 
important  because  the  A.F.A.S.  is  to  be  built 
in  the  quartz  oscillator  unit  (and  consequently 
the  unit  and  the  A.F.A.S.  must  have  a  single 
supply )  . 

-  When  pluging  in  the  reference  unit,  the 
adjustment  process  must  start  automatically. 

-  The  absolute  frequency  adjustment  has 
to  be  made  with  the  best  accuracy. 

Only  a  few  solutions  fi*  these 
requirements.  The  main  goal  involves  the  use  of 
a  control  loop  with  a  phase  comparator 
generating  the  error  signal.  This  last  one  is 
the  only  component  able  to  guarantee  a  finite 
(or  nul)  phase  difference  yielding  frequencies 
as  close  as  possible. 

A  presence  detector  starts  up  the 
adjustment  process.  At  the  end  of  that  process 
the  tuning  voltage  is  held  on  without  drift  by 
the  means  of  a  numerical  value.  Moreover,  in 
order  not  to  disturb  the  oscillator  output 
frequency  when  the  reference  is  disconnected  at 
the  end  of  the  process,  all  other  signals 
vanish. 

2  -  A.F.A.S.  OPERATING 

Fig.  1  shows  the  block  diagram  of  the 
reference  unit  connected  to  the  quartz  oscillator 
through  the  A.F.A.S.  including  a  phase 
comparator  (mixer  and  low-pass  filter)  and  the 
processing  electronic  described  below. 

2.1/  The  phase  comparator 

Considering  noise  performances  and 
accuracy  an  analogical  phase  comparator  is 
chooser.  This  is  better  than  numerical  solutions 
for  example.  When  associating  it  with  a  proper 
low-pass  filter,  its  output  voltage  is  almost  a 
linear  function  of  the  total  phase  difference 
between  [  -  w  ,  0]or  [0,rr  ]  (see  Fig.  2) .  In 
both  intervals  the  static  gain  is  the  same  and 
only  the  sign  changes.  That  means  the  looped 
system  will  find  the  interval  where  the 
stability  condition  are  achieved. 

2.2/  The  processing  electronic 


According  to  the  processing  diagram  (Fig. 
3),  as  soon  as  the  reference  signal  is  present 
a  coarse  adjustment  is  first  triggered.  The  end 
of  this  coarse  adjustment  starts  up  a  fine 
adjustment  around  the  retained  value  of  the 
former.  When  both  measured  frequencies  are 

close  enough  (this  will  be  discussed  below)  the 
fine  adjustment  is  stopped.  Its  value  is 

retained  and  the  supply  voltage  of  unused 
components  is  switched  off  in  order  to  inhibit 
spurious  frequencies. 

This  simplified  sequence  may  be  detailed 
from  the  functional  diagram  (Fig.  4).  The 

reference  signal  is  shaped  to  trigger  a 
retriggerable  monostable  multivibrator  whose 
output  enables  the  system  working  after  a 
general  reset  (see  part  1  Fig.  4).  From  this 

time,  two  counters  (Ctl  and  C 1 2 )  count  "up"  or 
"down"  according  to  the  state  ot  the 

phase-comparator  output.  The  outputs  of  each 

counter  are  translated  into  a  voltage.  One  of 

these  analog  quantities  is  divided  by  a  proper 
value  before  being  added  to  the  other  (see 
parts  4  and  5  Fig.  4).  The  resulting  voltage 

monitors  the  V.C.O.,  i.e.  the  unit  to  be 
frequency  adjusted.  In  such  a  way,  one  of  the 
analog  quantity  to  be  added  to  the  other  is  a 
ratio  of  that  last  one.  So,  both  counters  are 
presetted  at  the  same  value  (zero,  for  example) 
without  any  drawback  on  the  system  accuracy. 

During  all  the  transient  time  both 
counters  outputs  are  equal.  When  the  V.C.O. 
global  phase  reaches  the  reference  global 
phase,  a  sign  change  occurs  on  the 

phase-comparator  output,  involving  a  "up/down" 
change  of  the  counters.  Then,  oscillations 
appear  around  the  zero-phase  difference 
because  numerical  outputs  may  only  change  step 
by  step  (this  is  described  in  Fig.  5).  The 

number  of  transitions  is  recorded  by  the 
counter  Ct5  which  stops  the  counter  Ctl  after 
five  transitions  (experiments  prove  that  it  is  a 
proper  value  to  be  sure  the  phase  is  locked 

i"Ound  the  reference  one)  while  the  counter  Ct2 
is  always  working.  The  coarse  adjustment  value 
is  then  locked  (DAC1)  whereas  the  fine 
adjustment  voltage  becomes  free  over  a  range 
equal  to  a  ratio  of  the  DAC2  full-scale.  Five 
other  transitions  are  still  counted  by  CtIO 

before  locking  Ct  2  that  it  is  to  say  the  fine 
adjustment  value.  At  the  end  of  the  processing 
sequence  many  components  such  as  the 

counter-clock  generator,  are  inhibited. 

2.3/  Resol ution 
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The  system  resolution  is  obviously  related 

to  the  counting  capability  versus  the  maximum 

range  of  frequency  adjustment.  If  the  coarse 

adjustment  counter  Ctl  is  a  n^-bit  counter  and 

the  fine  adjustment  counter  Ct2  a  n  -bit 

2 

counter,  the  resolution  may  be  expressed  as  : 

(  Af  /f)  x  N 

R  =  - - 

°  "2 
2  x  2 

where  N  is  the  number  of  coarse-adjustment 
steps  within  the  fine-adjustment  full-scale.  We 
have  choosen  n^  =  n^  =  12  and  a  frequency 

adjustment  range  of  Af  =  2  Hz  at  f  =  5  MHz. 
In  this  case^the  maximum  resolution  will  be  R 
»  2,5  10  when  N  =  1.  In  fact,  this 

calculation  is  only  available  for  the  counting 
set.  In  our  system  with  a  feedback-loop  we 
already  said  oscillations  take  place.  So,  the 
system  accuracy  depends  on  the  oscillation 
magnitude  which  may  be  identified  to  global 
phase  difference,  that  is  frequency  difference. 

System  oscillations  are  analysed  below. 

3  -  ANALYSIS  OF  THE  SYSTEM  OSCILLATIONS 


Fig.  6  shows  a  block  diagram  of  the 
feedback  control  system. 


-  The  mixer  and  the  low-pass  filter  are 
gathered  in  the  error  detector.  When 
considering  a  reference  signal  : 


si  n  ( w  t  +  a)  =  E_  sin  9 
Ro  R  Ro  R 


and  the  VCO  output  signal  : 


pass  filter 
describing 
if  A  e 
becomes  : 


exists  in  the  closed-loop  system)  the 
function  technique  may  be  used.  So, 
6  ^  sin  u  t  the  describing  function 


0 

For  9  t  >  -±  ,  T(6]) 

4 

with  B(e  )  =  - 

1  ,6, 

and  t (e | )  =  -  Arctg 
(  T  (  e] )  =  0  for  e  ,  <  6 


=  B(e, 


eJr,e1 » 


h  :  hysteresis  width  of  the  trigger. 
6 ^  phase-difference  magnitude. 


The  trigger  output  controls  the  "up" 
counting  or  the  "down"  counting  of  a  constant 
frequency  r.  During  the  steady  state,  this 
means  counters  integrate  the  self  oscillation 
signal  at  a  periode  of  T  =  2»/u>  with  a  gain  of 
F.  If  AN  is  the  integer  number  change  of  their 
outputs,  that  is 


A  N  =  Int  [  F  /  W(t)  dt  ]  (F  »  1/T)  . 


So  the  transfer  function  of  such 
components  is  C(p)  =  K  /p  (K  =  r)  where  p  = 
j  in  is  the  Laplace  variable  ^assuming  discrete 
functions  are  close  to  linear  functions  because 
of  the  large  capability  of  the  counters  and  the 
high  value  of  r  ) . 


Digital  to  analog  converters  may  be 

described  from  All  =  K  A  N  with  = 

IT  /2  for  a  n-bit  to  0-U  full-scale 

Max  Max 

convert  ion . 


E„  sin  u  t 
So  S 


=  E  sin  0 
So  S 


the  error  detector  output  has  the  form  : 


S  =  E(cos  6/2  -  sin  0/2)  where  9=0- 
P  R 


Near  0  =  ±  n/2,  this  may  be  linearized, 

thus  AS  =  i  K  A0. 

P  P 

-  The  error  detector  is  followed  by  a 
Schmitt  trigger  which  exhibits  non  linearity 
because  of  its  hysteresis  h.  Between  mixer  and 
trigger  there  is  an  amplifier  (which  also  cuts 
off  high  frequencies)  and  the  trigger  output  is 
connected  to  the  "up/down"  input  ot  the 
counters.  All  these  functions  may  be  simplified 
( see  Fig.  7 ) . 

Neglecting  the  higher  harmonics  (a  low 


-  Experiments  proved  the  V.C.O.  transfer 
function  may  be  written  : 


AU  p  ( 1  +  tp)2 


The  product  of  all  these  transfer 
functions  gives  the  open-loop  transfer  function 


F(jui)  =  Tie,)  • 


K  X  KUK,, 
p  c  D  V _ 

(  ju)  (  1  +  T  jut  ) 


-  R  (0  ,  u)  +  j  I  (  9,  ,  ui ) 

Then  the  self-oscillation  conditions,  that 
is  R(e  ,  ,  u  )  =  1  and  I  (  e  ,  ,  o  )  -  0,  provide  the 
phase-difference  magnitude  e  ,  (i.e.  the  system 

accuracy)  versus  the  oscillation  frequency  f  = 
ti)/2w  for  different  hysteresis  width  h. 
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Fig.  8,  Fig.  9  and  Fig.  10  sum  up  those 
theoretical  results. 

One  component  has  not  be  mentioned  until 
now.  It  is  a  monostable  mul  ti  vibrator  (see  rig. 
4)  which  improves  the  result  in  delaying  the 
fine  adjustment  locking  of  one  quater  of  the 
self-oscillation  period.  In  such  a  way,  the 
final  frequency  is  a  mean  value  of  the  peak  to 
peak  magnitude  of  the  self-oscillation. 

4  -  EXPERIMENTAL  RESULTS 

The  A.F.A.S.  has  been  tested  using  a 
Cesium  beam  frequency  standard  as  a  reference 
un  i  t . 


It  turns  out,  that  the  A.F.A.S.  which  has 
been  described  does  not  anymore  work  properly, 
when  both  frequencie|  are  initially  too  far 
away  (in  practise  10  ).  In  such  a  case  it  is 
convenient  to  use  an  error  detector  combining 
phase  and  frequency  differences  (see  rig.  11) 
but  a  fine  adjustment  is  no  more  possible. 

CONCLUSION 

Our  goal  performances  have  been  achieved 
using  the  described  A.F.A.S.  The  circuit  may 
now  be  turned  into  a  specific  integrated  circuit 
built-in  the  quartz  Xtal  oscillator  unit. 


Table  1  shows  the  final  deviation  of  both 
compared  frequencies  when  the  unit  to  be 
frequency  adjusted  is  a  precision  quartz 


crystal  oscillator.  It  depends  on  the  initial 
frequency  difference.  The  same  conclusion  may 
be  driven  when  the  A.F.A.S.  locks  a 

synthesizer  output  frequency  to  the  reference, 
as  shown  in  Table  2. 

|  Initial  f  requen cy 

1 

Final  ’ requency 

1 

|  offset 

l 

1 

1 

d i f  f  erence 

1 

! 

-7 

1 

-12 

1 

!  2.10 

1 

7.5  x  10 

1 

-8 

1 

-1  2 

1 

I  6.10 

1 

5  x  10 

1 

-9 

1 

-12 

1 

|  2.10 

1 

4x10 

1 

-  1  0 

1 

-12 

1 

1  5.10 

1 

i 

1 

1 

I 

4x10 

1 

1 

1 

Tab  I e  1 


Initial  frequency  |  Final  frequency 
offset  |  difference 


-6 

-1  0 

2.10 

|  3.10 

-7 

-10 

4.10 

|  2.10 

-  7 

-10 

1  0 

|  3.10 

i 

Tab  I e  2 
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G.  E.  Roberts,  A.  G.  Staples,  S.  Toliver 


Ericsson  GE  Mobile  Communications,  Inc. 
Mountain  View  Road 
Lynchburg,  Virginia  24502 


ABSTRACT  -  With  the  increased  tendency  to  use 
mobile  and  cellular  radio  systems  to  transmit  data, 
requirements  on  the  maximum  value  and  flatness  of 
the  group  delay  in  the  passband  as  well  as 
attenuation  characteristics  in  IF  filters  are 
becoming  more  stringent.  Therefore,  it  is  becoming 
very  important  to  be  able  to  design  the  radio  IF 
filters  from  the  most  efficient  characteristics 
possible.  This  means  using  bandpass 
characteristics  derived  from  odd  order  lowpass 
prototype  characteristics  as  well  as  even  order. 
Therefore,  the  use  of  a  coupled-triple  resonator 
crystal  in  conjunction  with  coupled-dual  crystals 
appears  to  be  one  possible  option. 

In  this  paper,  one  way  of  fabricating  a 
coupled-triple  resonator  crystal  is  presented.  The 
three  resonators  are  electrically  displayed  via  a 
lead  frame  and  substrate  to  be  able  to  monitor 
their  frequencies  throughout  the  fabrication 
process  as  well  as  the  coupling  between  resonators. 
A  specific  filter  design  is  presented. 

Introduction 

Since  the  crystal  filters  in  most  mobile  radio 
applications  use  coupled-dual  resonator  crystals, 
the  resulting  filters  are  limited  to  bandpass 
realizations  derived  from  even  order  lowpass 
prototypes.  These  realizations  are  obtained  by 
cascading  the  coupled-dual  crystals  and  coupling 
adjacent  crystals  with  an  equivalent  capacitance  to 
ground.  When  considering  a  design  relative  to  a 
given  set  of  passband  and  stopband  specifications, 
a  3-pole  Chebyshev  bandpass  characteristic  (from  a 
3rd  order  lowpass  prototype  producing  a  6 -order 
bandpass  characteristic)  is  often  called  for 
instead  of  a  "c-case"  4th  order  Chebyshev  lowpass 
prototype  or  even  a  "b-case"  4th  order  Chebyshev 
lowpass  prototype  [1]  even  when  manufacturing  and 
temperature  tolerances  of  the  crystal  are  factored 
into  the  design  considerations.  Since  only 
coupled-dual  crystals  are  used  in  the  actual  filter 
realizations,  the  resulting  filter  is  derived  from 
one  of  the  4th  order  Chebyshev  lowpass  prototypes 
producing  a  bandpass  characteristic  of  8th  order 
which  is  two  orders  more  than  required.  A  similar 
situation  often  occurs  when  a  5-pole  Chebyshev 
bandpass  filter  could  be  used  instead  of  a  6-pole 
filter. 

With  the  increased  tendency  to  use  mobile  and 
cellular  radio  systems  to  transmit  and  receive 
data,  requirements  on  the  maximum  value  and  the 


flatness  of  receiver  IF  filter's  group  delay  in  the 
passband  as  well  as  attenuat ion  are  becoming  more 
stringent.  As  a  result,  it  is  becoming  very 
important  to  be  able  to  design  the  radio  IF  filters 
to  have  the  most  efficient  characteristics 
possible.  This  means  using  bandpass 
characteristics  derived  from  odd  order  lowpass 
prototype  characteristics  as  well  as  even  order 
lowpass  characteristics  in  order  to  realize  a  IF 
crystal  filter  as  the  requirements  dictate. 
Therefore,  the  use  of  a  coupled-triple  resonator 
crystal  in  conjunction  with  coupled-dual  crystals 
appears  to  be  one  possible  option. 

However,  the  initial  problem  and  perhaps  the 
most  critical  in  developing  a  coupled-triple 
resonator  crystal  is  how  to  measure  the  basic 
electrical  parameters  of  the  crystal  such  as 
resonator  frequencies  and  coupling  during  the 
fabrication.  Since  the  work  described  in  this 
paper  was  begun  well  before  the  development  of  the 
4-frequency  measurement  method  [2,3],  only  th.. 
neutralizing  inductance  method  of  measurement  [4,5] 
and  tuning  frequency  method  presented  by  Rennick 
(6)  was  seriously  considered.  The  neutralizing 
inductance  method  was  discarded  for  the  same  reason 
cited  by  Rennick  as  it  is  undesirable  to  use  in  the 
fabrication  process  because  measurements  must  be 
made  in  a  vapor  plating  machine.  Therefore,  the 
tuning  frequency  method  was  chosen  with  the 
fabrication  process  and  packaging  developed  around 
this  measurement  method. 

Triple  resonator  theory 

Following  Rennick,  a  basic  coupled-triple 
resonator  crystal  is  shown  in  Fig.  1  with  its 
equivalent  circuit  shown  in  Fig.  2  with  the 
behavior  of  the  capacitive-T  circuit  shown  in  Fig. 

3  in  the  case  of  a  single  crystal  equivalent 
circuit.  Since  the  Q  of  each  resonator  is  large, 
it  is  assumed  here  that  the  resistance  associated 
with  such  resonators  can  be  neglected.  An 
important  feature  of  a  coupled-triple  resonator  is 
that  if  the  middle  terminal  pair  is  shorted  as  in 
Fig.  4A,  then  a  nodal  equivalent  circuit  is  formed 
which  is  in  ladder  network  form  as  shown  in  Fig.4B. 
This  nodal  equivalent  circuit  can  be  transformed  to 
a  mesh  circuit  by  simply  transforming  the  elements 
through  either  tee  of  capacitors  associated  with 
the  end  resonators  using 

znew  =  1/(  “2C2Z),  (1) 

where  C  is  the  capacitance  of  the  capacitive-T 
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network  and  Z  is  the  impedance  being  transformed 
through  the  capacitive-T  network.  Then  the 
1:Lj/L3  transformer  is  eliminated  by  setting 
L3=L.3=L  and  all  three  resonators  are  made  the 
same  size  by  setting  L2=L  also.  As  in  Rennick,  the 
transformation  can  be  seen  by  considering  Fig.  3  by 
evaluating  Eq.  (1)  at  =  Uq2  =  where  L 

and  C  are  the  parallel  inductance  and  capacitance 
attached  to  node  (A)  in  Fig.  3A.  This 
transformation  is  discussed  at  length  by  Rennick. 
The  resulting  negative  capacitances  in  each  mesh  in 
Fig.  5A  are  combined  with  the  positive  capacitances 
in  the  same  mesh  the  three  positive  capacitance  C3, 
C2  and  C3  are  equated  to  C  for  convenience.  The 
resulting  network  is  shown  in  Fig.  5B  where 

Cnj  =  Cl«nj/Ll- 

The  basic  tuning  frequency  measurement 
techniques  presented  by  Rennick  amounts  to  proper 
handling  of  a  normalized  coefficient  matrix 
obtained  from  the  circuit  analysis  of  the 
particular  coupled- resonator  equivalent  circuit 
under  the  condition  that  the  resonator  frequencies 
are  in  error.  In  the  case  of  the  coupled-triple 
resonator,  this  matrix  is: 


(F-Ej ) 


K12  (F-E2)  K23 

0  k23  (f-e3) 

where  F  =  (  <1?—  w  q2  )  /  (  2tt  •  u  •  BW), 

BW  =  bandwidth  of  the  filter  in  Hz, 


are  open-circuited.  In  the  physical 
triple-resonator  crystal,  the  resonators  cannot  be 
isolated  since  each  one  is  coupled  to  the  other  two 
on  the  plate.  If  one  resonator  is  to  the  measured 
physically,  the  other  two  then  influences  the 
measurement  of  that  resonator.  Similarly,  a 
measure  of  coupling  between  any  two  adjacent  meshes 
of  Fig.  5B  could  be  determined  by  opening  the  third 
mesh  and  finding  the  two  short-circuit  frequencies 
of  the  two  adjacent  meshes.  Rennick  defines  the 
difference  between  these  frequencies  as  coupling. 
When  it  is  divided  by  bandwidth,  he  calls  it 
normalized  coupling  coefficient  or  apparent 
coupling  as  in 

Kjjm  =  (f2  -  f  i  )/ (BW) 

where  K,^  is  the  same  as  that  given  in  Eq.  (4). 

Likewise,  it  is  pointed  out  in  [6]  that  the 
turning  frequency  of  any  resonator  occurs  at  a  zero 
of  the  input  impedance  to  the  resonator  in  question 
when  the  other  two  resonators  are  open-circuited 
and  thereby  mistuned  by  the  Cg.  This  input 
impedance  may  be  expressed  as 

2  _  (short-circuit  natural  frequencies)  (g) 

(open-circuit  natural  frequencies) 

In  our  measurement  of  tuning  frequency,  there 
will  be  three  zeros  of  this  input  impedance,  but 
two  of  these  will  be  far  removed  from  the  others 
due  to  mistuning  of  the  resonators  not  being 
measured.  The  short-circuit  natural  frequencies  of 
the  systems  are  simply  the  zeros  of  the  determinant 
of  the  matrix  given  in  Expression  (2)  with  all  the 


fp  =  center  frequency  of  the  filter, 

*mn  =  <C  fo)/(Cmn  BW), 

in  the  narrow  band  of  frequencies 
around  fg,  where  fg/f  =  1, 

C  =  the  positive  capacitance  in  the 
series  branches  in  Fig.  4A. 


To  determine  the  tuning  frequency  of  the  first 
resonator  (resonator  A) 


Ej  =  0 


Em  =  (f0cm>/BW  c0> 
where  m  is  not  equal  to  l,or 


=  the  shunt  coupling  capacitance 
between  adjacent  meshes  in 
Fig.  4B. 


E2  =  (f0C)/ (BW  Cg) 


The  error  function,  E3.  associated  with  the 
i-th  loop  or  i-th  resonator  in  a  coupled-triple 
resonator  crystal  is  generated  by  changing  the 
impedance  across  port  A,  B,  or  C  in  Fig. 2  from  a 
simple  short-circuit  condition.  If  the  i-th 
resonator  or  port  is  open-circuited,  the 
capacitance  Cg^  appears  it  and  the  error  function 
becomes 

Ei  =  (foci>/<BW  CoO-  (5) 

In  the  case  considered  here,  =  C  and  Cg^  = 


As  pointed  out  in  [6],  each  mesh  in  Fig.  5B  is 
required  to  be  resonant  at  fg  when  all  other  meshes 


E3  =  (f0C)/(BW  Cg) 


since  here  C2  =  C3. 


The  three  zeros  of  interest  are  obtained  by 
substituting  these  values  of  E3  into  the  matrix  in 
Expression  (2)  and  determining  the  zeros  of  the 
polynomial  derived  from  the  determinant  of  the 
resulting  matrix.  This  determinant  is  given  by 


K12  lF-(fg/BW)(C/Cg)]  K23 
0  K23  (F-(fg/BW)(C/C0)) 
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k122  -  K232, 


The  zero  at  the  lowest  frequency  is  tuning 
frequency  of  the  first  resonator  expressed  in  terms 
of  F.  The  resulting  frequency  which  should  be 
measured  is  then 


*.  =  f0  +  BW>/2- 


(12) 


To  determine  the  apparent  coupling  between 
resonator  one  and  resonator  two,  short  resonator 
two  also  and  leave  resonator  three  open,  then  the 
determinant  equation  becomes 


42 


M2 


*■23 


K23  (F-(f0/BW)(C/C0)] 


=  0 


(13) 


Then  K32  will  be  the  difference  between  the  two 
lowest  frequencies  divided  by  BW  or 


k12  =  (f2  -  f i ) / BW .  (14) 

The  tuning  frequencies  and  apparent  coupling 
coefficients  as  calculated  above  are  those  that 
should  be  measured  on  a  good  coupled-triple 
resonator  crystal  where  all  of  the  frequencies  and 
couplings  are  correct  to  begin  with.  If  this  is 
not  the  case,  an  appropriate  plating  algorithm  will 
produce  the  correct  frequencies  and  apparent 
couplings . 


When  designing  a  coupled -resonator  crystal 
filter  from  a  lowpass  prototype  having  normalized 
element  values  X3,  X2,  and  X3  for  a  3-pole 
crystal  filter,  the  values  of  for  the  above 
calculations  are  given  by 


A2  =  EjE2  +  EjE3  +  e2e3  - 
A3  =  E1E2E3  +  EjK232  +  E3Kj22. 


The  simplest  case  to  consider  is  the 
coupled-triple  resonator  crystal  with  no  mistiming 
at  the  ends  to  absorb  the  Cq  that  occurs  across 
those  resonators  as  well  as  across  the  middle 
resonator.  The  resulting  tuning  frequencies  are 
calculated  as  follows,  where  ATF  is  the  A- resonator 
tuning  frequency,  BTF  is  the  B-resonator  tuning 
frequency,  and  CTF  is  the  C-resonator  tuning 
frequency. 


ATF: 


Ej=Q 

e2=(c 

BW) 

Terminals 

B 

B' 

open. 

e3=(c 

f0)/(c0 

BW) 

Terminals 

C 

C' 

open. 

e3=(c 

f0)/(c0 

BW) 

Terminals 

A 

A' 

open. 

e2=o, 

e3=(c 

fo)/(co 

BW) 

Terminals 

C 

C’ 

open, 

e3=(c 

f0>/ <c0 

BW) 

Terminals 

A 

A' 

open, 

e2=(c 

f0)/(co 

BW) 

Terminals 

B 

B' 

open. 

e3=o. 


Note  that  the  resonator  at  which  the  tuning 
frequency  is  determined  or  measured  is 
short-circuited  by  virtue  of  the  fact  that  a 
generator  and  resistor  is  placed  across  it  to 
measure  the  driving-point  impedance.  Of  course,  in 
each  situation  above,  the  values  of  Ejj  are 
substituted  into  Eq.  (17)  and  the  three  values  of  F 
are  found  to  be  F3  where  1*1,2, 3.  To  find  the 
actual  frequencies,  they  are  substituted  into 


fi  =  f0  +  (F3  BW ) / 2 , 


(18) 


(Com2  =  lAVn).  <15.> 

where  m  =  1,2,  and  n  *  2,3. 

We  are  now  in  a  position  to  summarize  the 
equations  that  are  to  be  used  for  a  coupled-triple 
resonator  crystal.  Starting  from  a  3rd  order 
lowpass  prototype,  Eq.  (15)  gives 

xi22  =  l/(XjX2)  (16a) 

K232  =  l/(x2x3)  (16b) 

If  all  three  ports  of  the  coupled-triple  resonator 
are  open-circuited  as  in  Fig.  2,  the  system 
determinant  equation  becomes 


where  i=l,2,3.  Also  note  that  the  lowest  value  of 
frequency  is  the  tuning  frequency  in  question.  Of 
course,  the  value  of  bandwidth  is  known  from  the 
design  information  if  the  values  of  tuning 
frequencies  are  to  be  calculated.  If  the 
coupled-triple  resonator  is  measured,  frequencies 
come  out  directly. 

The  apparent  coupling  between  resonators  is 
then  determined  by  shorting  two  adjacent  resonators 
and  opening  the  other  and  determining  the  two 
short-circuit  frequencies  which  are  the  two 
frequencies  having  lowest  value. 

Apparent  coupling  between  A  and  B  is  determined 
by  substituting 


(f-e3)  k12 


0 


k12  (f-e2)  k23 

0  k23  (f-e3) 


=  0 


(17) 


Ej  -  E2  -  0, 


and 


E3  =  (C  f0)/(C0  BW), 


(19a) 


(19b) 


and  the  resulting  cubic  equation  in  F  becomes 
F3  +  AjF2  +  A2F  +  A3  =  0 
where  A j  =  -(Ej+E2+E3), 


into  Eq.  (17),  determining  the  three  values  of  F, 
taking  the  two  lowest  values  Fj  and  F2,  taking 
their  difference  and  Kj2  is  calculated  as 

Kj2  =  (F2  -  F j ) / BW .  (20) 
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The  actual  frequencies  are  calculated  by  Eq.  (18). 

The  apparent  coupling  between  B  and  C  is 
determined  by  substituting 

Ex  =  (C  f0)/(C0  BW),  (21a) 

and 

E?  =  £3  =  0.  (21b) 

into  Eq.  (17)  and  following  the  same  procedure 
followed  in  determining  the  apparent  coupling 
between  A  and  B. 

Of  course,  to  determine  the  short-circuit 
natural  frequencies  of  the  coupled-triple 
resonator,  Eq.  (17)  is  used  with 

El  =  E2  =  £3  =  0* 

and  the  frequencies  are  determined  by  use  of  Eq. 
(18). 

Coupled-triple  resonator  crystal  fabrication 

The  basic  consideration  in  deciding  how  to 
fabricate  a  coupled-triple  resonator  crystal  is  how 
to  provide  separate  electrical  access  to  each  of 
the  three  resonators  as  required  to  measure  the 
resonator  tuning  frequencies,  the  apparent  coupling 
between  adjacent  resonators,  and  the  short-circuit 
natural  frequencies.  Therefore,  all  three  terminal 
pairs  in  Fig.  2  associated  with  the  resonators  must 
be  displayed  such  that  short-circuits, 
open-circuits  or  any  other  predetermined  electrical 
circuit  may  be  selectively  connected  across  the 
resonator  terminal  pairs. 

The  coupled-triple  resonator  arrangement  which 
will  be  discussed  here  was  devised  by  Roberts  and 
Staples  (71  and  is  shown  in  Figs.  7  and  8.  It 
consists  of  three  acoustically  coupled  resonators 
fabricated  on  a  single  wafer  of  quartz.  This  wafer 
is  physically  supported  and  spaced  from  a  ceramic 
connection  interface  substrate  by  six  leads  which 
are  formed  from  a  resilient  electrical  conductor 
material  (e.g.,  beryllium  copper)  in  order  to 
connect  the  conductor  pattern  on  the  crystal  wafer 
to  the  conductor  pattern  on  the  ceramic  substrate 
as  shown  in  Fig.  7.  The  conductor  pattern  on  the 
ceramic  substrate  is  designed  to  provide  separate 
electrical  access  to  each  of  the  three  resonators. 

Once  the  baseplated  crystal  wafer  is  attached 
to  the  six  leads  and  bonded  via  conductive  cement, 
for  example,  the  six  leads  are  inserted  into  the 
holes  in  the  substrate  to  the  appropriate  stop 
provided  by  the  bend  in  the  formed  leads  as  shown 
in  Fig.  6B.  The  leads  are  then  cemented  to  the 
conductor  pattern  on  the  opposite  side  of  the 
substrate.  All  three  resonator  terminal  pairs  then 
can  be  displayed  via  pads  on  the  substrate. 

The  terminals  associated  with  the  center 
electrode  pair  ace  displayed  via  pads  X  and  Y  in 
Figs.  7  and  8.  The  ‘wo  outside  crystal  electrode 
pairs  are  displayed  between  pads  W  and  Y,  and  pads 


Z  and  Y.  The  substrate  is  then  attached  to  the 
three  leads  of  a  crystal  base  by  attaching  pads  W 
and  Z  which  are  attached  to  the  two  outside  pins 
(forks)  of  the  base  while  pad  Y  is  attached  to  the 
center  fork  of  the  base.  Therefore,  two  outside 
crystal  resonators  are  displayed  electrically 
between  their  respective  outside  base  leads  and 
ground  at  the  center  pin  of  the  base.  The  center 
resonator  is  displayed  electrically  by  probing  pad 
X  on  the  substrate  and  to  the  center  pin  of  the 
base  or  pad  Y. 

When  the  resonators  are  on  their  desired 
frequencies  (depending  on  the  finishing  process), 
the  crystal  middle  electrode  pair  -  middle 
resonator  -  may  be  short-circuited  without 
disturbing  the  crystal  itself  by  connecting  pads  X 
and  Y  on  the  back  of  the  substrate  usually  with 
conducting  cement.  After  the  resulting 
crystal-substrate-base  assembly  is  sealed  as  in 
Figs.  7  and  8,  the  coupled-triple  resonator  will 
function  in  accordance  with  the  connections  in  Fig. 
4A  and  the  equivalent  circuit  in  Fig.  4B. 

There  are  several  interesting  processes  that  go 
into  the  actual  fabrication  of  the  crystal- 
substrate  assembly.  The  leads  which  attach  the 
crystal  to  the  substrate  were  etched  out  of  a  sheet 
of  beryllium  copper  in  sets  of  three  leads  which 
are  an  integral  part  of  a  connecting  "palm"  in  a 
lead  frame  shown  in  Fig.  6A.  The  formation  of  the 
bent  lead  wires  is  effected  using  conventional 
metal  forming  techniques. 

The  shape  of  the  individual  leads  on  the  lead 
frame  in  Fig.  6A  are  depicted  in  detail  in  Figs.  6B 
and  6C  including  the  first  and  second  bends.  In 
addition,  a  weakened  pre-defined  breakpoint  is 
provided  along  the  shank  of  each  individual  lead. 
After  the  distal  ends  of  the  bent  lead  wires  are 
cemented  to  the  appropriate  conductor  points  on  the 
crystal  wafer,  the  frame  palm  is  broken  away  from 
the  individual  lead  wires.  A  fixture  was  developed 
to  hold  the  leads  in  place  which  are  attached  to 
the  crystal  wafer  in  order  to  protect  the  wafer 
while  detaching  the  palm.  This  then  leaves  three 
leads  attached  to  each  side  of  the  wafer  as  in  Fig. 
7A  but  without  the  palms.  The  resulting  six  leads 
are  precisely  spaced  to  be  inserted  into  the 
appropriate  "holes"  of  the  ceramic  substrate  where 
they  are  cemented  to  the  conductor  pattern  on  the 
back  side  of  the  substrate.  At  this  point,  the 
substrate  serves  as  a  carrier  for  the  crystal  wafer 
and  an  interconnect  device.  In  addition,  the  bent 
leads  appear  to  be  extremely  good  shock  absorbers 
for  the  crystal  wafer. 

After  the  crystal-substrate  assembly  is 
attached  to  the  crystal  base  as  in  Fig.  7.  The 
crystal-substrate  base  assembly  was  inserted  into  a 
fixture  via  the  base  leads  making  contact  with 
three  leads  both  mechanically  and  electrically. 

The  top  of  the  substrate  is  kept  stationary  when 
pad  X  on  the  substrate  is  probed.  This  fixture 
allows  the  monitoring  of  the  three  tuning 
frequencies  during  processing  as  well  as  the 
apparent  coupling  between  adjacent  resonators  and 
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the  short-circuit  natural  frequencies.  Once  the 
tuning  frequencies  are  set  to  their  final  values 
and  the  apparent  coupling  between  adjacent 
resonators  is  correct,  the  shorting  connection  is 
made  from  pad  X  to  Y  thereby  shorting  the  middle 
electrode  pairs  together.  The  cover  is  slid  over 
the  entire  assembly  and  sealed  to  the  base,  then 
the  coupled-triple  resonator  is  ready  for  final 
test . 

Specific  design  example 

The  first  application  of  a  coupled-triple 
resonator  crystal  which  was  investigated  was  a  21.4 
MHz  3-pole  filter  having  a  minimum  3  dB  passband  of 
13.5  kHz  and  a  minimum  stopband  attenuation  of  25 
dB  at  21.4  MHz  +-  22  kHz. 

A  third  order  Chebyshev  normalized  lowpass 
prototype  of  0.1  dB  ripple  as  shown  in  Fig.  9  was 
chosen  to  start  the  design.  If  a  Dishal 
transformation  is  performed  on  this  lowpass 
prototype,  it  is  found  that  by  choosing  a  ripple 
bandwidth  of  10800  Hz  and  an  inductance  of 
.88280138E-2  H  a  termination  resistance  of 
580.72727  Ohm  results.  If  an  extremely 
conservative  value  of  Q  =  30000  is  chosen,  then 
resulting  circuit  shown  in  Fig.  10  should  produce  a 
theoretical  stopband  attenuation  of  31.0  dB  at  21.4 
MHz  +-22  kHz  and  a  3  dB  bandwidth  of  14700  Hz. 

Requiring  the  X  and  Z  dimensions  of  the 
resonator  electrode  to  be 

LX  =  1.26  LZ 

and  using  the  expression 

A  =  1.9/(6.4516508  L  f03(lE-18)), 

where  A  =  area  of  each  electrode  in  square  inches, 

fg  =  center  frequency  of  the  filter  in  Hz, 

L  =  the  inductance  of  each  resonator  of 
the  filter  in  henries. 

Then  the  electrode  dimensions  are  determined  to  be 

LZ  =  .051976130  inches, 

LX  =  .065489925  inches. 

Following  the  procedure  outlined  in  [7], [8], 
and  [9]  applied  along  the  Z  axis  of  the  crystal,  it 
is  found  that  for  electrode  LX  =  .052  inches  by  LZ= 
.065  inches  and  a  spacing  between  electrodes  ol 
.015  inches  and  a  synchronous  peak  separation 
frequency  SPSF  of  9927  Hz  corresponding  to  C12= 
023=13.506531  pf  are  produced.  The  etch  frequency 
of  the  unelectroded  wafer  should  be  21,563  kHz. 

Since  the  filter  in  Fig.  10  is  symmetrical 
about  the  middle  resonator,  the  basic  triple¬ 
resonator  crystal  design  is  accomplished  by  simply 
performing  the  design  of  a  coupled-dual.  The 
actual  wafer  used  was  a  race  track  arrangement  with 
diameter  of  .320  inches  and  height  of  .240  inches. 


From  Eq.  (15), 

Kj22  =  K232  =  l/tt^). 

=  1/((1.0315598)(1. 1473972)), 

=  .8448737264. 

Therefore, 

k12  *  k23  =  -9191701295. 

To  determine  the  value  of  C  to  be  used  in  the 
equations  for  tuning  frequencies,  the  expression 

c  =  (c1c2)/(c12-c1) 

is  used  where  Cj  =  . 62683208E- 14  f  and  Cj2  = 

. 13506531E-10  f  producing  C  »  . 627' 23125E- 14  f.  A 
nominal  value  of  Cq  was  assumed  to  be  2.4  pf 
initially. 

Next,  the  tuning  frequencies  were  calculated. 
From  symmetry,  ATF  =  CTF.  Therefore,  for  ATF  and 
BTF 

Ej  =  0, 

E2  =  E3  =  (C/C0)(f0/BW), 

=  (.627123125E-14/2. 4E- 12 )(21 . 4E6/ 10800) , 

=  5.177636912. 

The  third  order  polynomial  equation  in  F  from  (17) 
becomes 

F3-10. 3552738  F2  +  25.118176S4  F  +  4.374449392=0. 
Then 

F  =  -.16302800  ,  6.1678390  ,  4.3508729, 
and  choosing  the  lowest  value  for 
tn  =  f0  +  (F3  BW ) / 2 , 

=  21.4E6  +  ( - . 1 6302800 )( 10800 ) /2 . 

Therefore , 

ATF  =  CTF  =  21399120  Hz. 

Following  a  similar  procedure 
BTF  =  21398337  Hz. 

Likewise,  the  apparent  coupling  between  the 
resonators  is  obtained  by  the  procedure  outlined 
previously  from  Eqs.  12,  13  and  14  producing 

fy  =  21394653  Hz, 
f2  =  21464467  Hz, 

with  the  apparent  coup. ing  being  calculated  as 
f 2  -  f i  =  9814  Hz.  The  third  frequency  occurs  at 
21428840  Hz  and  is  ignored. 

The  short-circuit  natural  frequencies  are  then 
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calculated  from  Eq.  17  with  Ei=E2“®3=®  and 
become 

*  21392985  Hz, 
f2  =  21.4E6  Hz, 
f3  »  21407015  Hz. 

Results 

Data  at  several  steps  In  the  fabrication 
process  is  given  here  on  a  typical  samples  using  a 
silver-nickel  process  with  a  solder-seal  package. 

After  Final 

Baseplate  (Hz)  Frequency  (Hz) 

ATF  21465839  21399574 

BTF  21452724  21398533 

CTF  21461137  21399265 

Apparent  coupling  between  A  and  B  resonators  at 
final  frequency  is  given  by 

ACAB  =  f2  -  fi» 

=  21404075  -  21394021, 

=  10054  Hz. 

Apparent  coupling  between  C  and  B  resonators  is 

ACAB  =  f2  *  fl 

=  21404542  -  21393991 
=  10551  Hz. 

The  short-circuit  natural  frequencies  measured 
while  driving  the  A  resonator  are  given  by 

f3  =  21392423 
f2  =  21398789 
f3  =  21407818 

The  resulting  filter  data  was 
Ripple  =  .40  dB 

Upper  3  dB  frequency  =  21409459  Hz 
Lower  3  dB  frequency  =  21392702  Hz 
3  dB  Bandwidth  =  16757  Hz 

Attenuation  at  fg  +  22  kHz  =  25  dB 
Attenuation  at  fg  -  22  kHz  =  34.2  dB. 

First  major  spurious  =  -19.0  dB  at  21490219  Hz. 

Also,  the  experimental  value  of  Cg  across  both 
the  A-  and  C-resonators  in  the  sealed  assembly  was 
3.1  pf.  No  data  was  taken  for  the  value  of  Cg 
across  the  B-resonator. 

A  typical  plot  of  the  attenuation  response  is 
given  for  a  second  unit  and  shown  in  Fig.  11. 
Although  no  process  data  is  available,  the 
short-circuit  natural  frequencies  on  the  unit  are 
21391500  Hz,  21397750  Hz,  21407000  Hz.  The  filter 
fixture  terminations  are  transformed  to  50  ohms. 
With  50  ohms  on  the  source  (or  load),  a  vector 
impedance  meter  probing  J1  or  J2  to  ground  reads 


560  ohms  at  an  angle  of  -7  degrees  in  Fig.  12  to 
produce  the  response  in  Fig.  11. 

The  apparent  coupling  value  between  A  and  B  and 
C  and  B  are  given  by 

ACAB  =  21403750  -  21393000  =  10750  Hz 

ACCB  =  21403250  -  21392750  =  10500  Hz 

The  actual  passband  shape  of  both  triple  resonator 
units  are  similar  except  for  the  slight  shift  in 
the  passband. 

Conclusions 

Although  the  initial  design  called  for  an 
apparent  coupling  between  resonators  of  9814  Hz, 
the  actual  apparent  coupling  between  resonators 
came  in  the  10  to  11  kHz  range  which  contributed  to 
the  .3  dB  extra  passband  ripple  as  well  as  the 
extra  bandwidth.  The  extra  ripple  could  also  be 
explained  by  the  fact  that  resonator  inductances 
are  probably  not  exactly  what  the  design  calls  for. 
The  initial  assumption  of  Cg=2.4  pf  put  the 
resonator  frequencies  of  the  initial  units  very 
close  to  those  required  by  the  filter. 

Once  the  fabrication  method  was  devised, 
processing  of  units  did  not  prove  to  be  unusually 
difficult  to  build  and  the  substrate-wafer  assembly 
proved  extremely  convenient  to  work  with.  The 
spurious  content  and  spurious  levels  were  better 
than  expected  although  they  were  not  a  major 
consideration  in  the  original  design.  Since  the 
techniques  used  in  the  fabrication  of  these 
coupled-triple  resonators  which  were  over  and  above 
those  used  on  a  coupled-dual  unit  can  be  either 
carried  out  in  batch  form  or  can  be  automated,  this 
type  of  coupled-triple  resonator  crystal 
arrangement  could  be  a  viable  candidate  for  use  in 
situations  where  an  efficient  attenuation  or  group 
delay  characteristic  is  needed. 
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Fig.  3.  A)  Narrow  band  approximation  to  an 
impedance  inverter  in  the  form  of  a 
capacitive-T  network,  B)  narrow  band 
transformation  of  a  parallel  network  to 
series  network  via  a  capacitive-T  network. 
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Fig.  1.  Sketch  of  cross-section  of  coupled-triple 
resonator  crystal  with  all  three 
resonators  open-circuited. 
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Fig.  4.  A)  Sketch  of  cross-section  of  a  coupled 
triple  resonator  crystal  with  end 
resonators  open-circuited  and  the  center 
resonator  short-circuited,  B)  equivalent 
circuit  of  coupled-triple  resonator 
crystal  corresponding  to  Fig.  4A. 


Fig.  2.  Equivalent  circuit  of  coupled-triple 
resonator  crystal  with  all  three 
resonators  opened. 
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Fig.  5.  A)  Equivalent  circuit  of  coupled-triple 
resonator  in  Fig.  4A  after  left-side 
capacitive-T  impedance  inverter  is  moved 
through  the  network,  B)  equivalent  circuit 
of  coupled-triple  resonator  after  Cj,  C2. 
and  C3  are  set  equal  to  C,  the  negative 
and  positive  series  capacitors  are 
combined,  and  Lj,  1.3 ,  and,  L3  are  set 
equal  to  L. 


Fig.  7.  A)  Exploded  view  of  crystal  wafer-ceramic 
substrate- leads-base-cover  assembly,  B) 
side  view  of  wafer-substrate-base  assembly 
with  cover. 
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Fig.  6.  A)  Crystal  wafer  with  baseplated  conductor 
pattern  and  attached  lead  frames,  B)  side 
view  of  lead  frame  fingers  and  break 
points,  C)  top  view  of  lead  frame  fingers 
with  indicated  break  point. 
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Fig.  8  A)  Exploded  front  view  of  triple  resonator 
assembly,  B)  exploded  rear  view  of  triple 
resonator  assembly. 
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Fig.  9.  Equivalent  circuit  of  3rd-order  lowpass 
prototype. 
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Rs  =  Rl  =  580.72727  Ohms 
L  =  . 88280138E-2  H. 

Cx  =  C3  =  . 62683208E- 14  F. 

C2  =  . 62712312E- 14  F. 

c12  =  c23  =  . 13506531E-1G  F. 


Fig. 10.  Bandpass  equivalent  circuit  of  3-pole 
filter  derived  from  3rd-order  lowpass 
prototype  in  Fig. 9. 


Fig.  II.  A)  Passband  attenuation  response  of  3-pole 
filter  using  triple-resonator  unit  no. 2. 
B)stopband  response  of  the  same  triple 
resonator  crystal. 
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Abstract 

A  quartz  resonator  with  built-in  micro 
heater  useo  as  a  piezosorption  sensor  for  mercury 
vapours  in  the  air  is  reported.  The  specifical  re¬ 
quirements  to  the  resonator  and  to  the  heater  are 
noted.  With  the  presented  here  construction  of  the 
sensor  a  maximal  sensitivity  of  3-10-“  g/m’  can  be 
reached.  The  built-in  micro  heater  allows  the  rege¬ 
neration  of  the  sensor  under  working  conditions. 
The  sensor  can  be  used  in  several  devices  for  con¬ 
trol  of  the  environmental  pollutions  and  in  other 
cases  in  which  precise  determination  of  law  concen¬ 
trations  of  mercury  vapours  in  the  air  is  neces¬ 
sary. 

1.  Introduction 

Recently  as  a  result  of  the  aggravation  of 
the  ecological  situation  working  out  of  a  method 
for  measuring  the  concentration  of  injurious  to 
health  components  that  are  to  be  found  in  indust¬ 
rial  waste  products  becomes  extremely  important. 
The  problem  for  monitoring  of  mercury  vapours  in 
air  and  measuring  their  concentrati on  is  one  of  the 
aspects  of  this  general  task.  This  problem  is  a 
complex  one  and  different  ways  for  its  solving  have 
been  seeked.  Currently  there  are  a  number  of  publi- 
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cations  on  the  pi ezosorption  method  for  construc¬ 
tion  of  sensors  and  devices  for  gas  analysis  Ill. 
There  is  also  information  about  construction  of  a 
device  for  measuring  the  concentration  of  mercury 
vapours  in  air  12,3,41. 

The  principle  of  action  of  these  sensors 
is  based  on  the  dependence  of  the  frequency  of  the 
piezoelectric  quart:  resonator  on  the  change  of  the 
weight  of  the  electrodes  caused  by  sorption  of  mer¬ 
cury  vapours.  For  AT  -  cut  quartz  resonator  the  re¬ 
lationship  between  the  change  of  the  resonance  fre¬ 
quency  aF  [Hzl  and  the  mass  Am  [gl  of  the  substance 
adsorbed  on  the  surface  of  the  electrodes  is  almost 
linear  and  is  given  by  C51: 

aF  =  -  2.3  •  10*  ■  p:  ■  Am  ’  S  (1) 
where  F  IMHzl  is  the  resonance  frequency  of  vibra¬ 
tion  of  the  pi ezoel ement ,  and  S  [cm1 1  -  the  surface 
of  the  pi ezoel ement " s  electrodes. 

The  main  disadvantage  of  the  piezosorption 
sensor  is  that  it  needs  regeneration  of  the  quartz 
resonator  after  a  certain  time  period  of  action. 
For  this  aim  it  should  be  heated  in  oven  approxima¬ 
tely  to  150'C  and  si mul taneousl y  the  oven  should  be 
blown  with  fresh  air  or  other  gas.  This  process 
needs  laboratory  conditions  for  performing  the  re¬ 
generation. 

One  possibility  to  solve  this  problem  is 
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creating  a  quartz  resonator  with  built-in  micro 
heater.  This  heater  allows  heating  of  the  quartz 
resonator  up  to  relative  high  temperatures  to  be 
done  easily  without  its  dismounting  from  the  equip¬ 
ment. 

2,  Realization  of  the  sensor 

2.1.  Requirements  to  quartz  resonator  and 
to  built-in  heater 

According  to  the  usage  of  quartz  resona¬ 
tors  as  a  sensors  for  mercury  vapours  they  should 
cover  several  requirements.  First  of  all  the  elec¬ 
trodes  of  the  resonator  should  adsorbe  selectively 
mercury  vapours  only  and  should  be  stable  to  other 
reagents  in  the  air.  In  order  to  registrate  low 
ccncentrat 1 ons  of  mercury  vapours  the  resonator 
should  possess  a  high  mass  sensitivity.  As  it  was 
mentioned  above  the  requirement  for  direct  heating 
of  the  resonator  is  important  to  ease  the  exploata- 
tion  of  the  measuring  apparatus.  The  built-in  hea¬ 
ter  should  be  with  low  electric  power  consumption 
and  at  the  same  time  should  be  able  to  reach  high 
temperatures.  The  heater  also  should  be  stable  to 
action  of  mercuty  vapours  and  other  gases  in  the 
ai  r . 

2.2.  Construction  of  the  sensor 

The  task  for  creating  of  piezosorption 
sensor  is  solved  by  AT  -  cut  quartz  resonator  with 
resonanse  frequency  about  14  MHz.  The  dimencions  of 
the  resonator  are:  diameter  of  the  wafer  -  14  mm 
and  thickness  -  about  120  pm.  In  order  to  increase 
the  sensitivity  the  quartz  wafer  is  polished.  Thin 
layers  of  gold  are  used  as  electrodes.  The  golden 
layers  are  at  the  same  time  selective  towards  mer¬ 


cury  vapours  sorption  coating.  The  d.ameter  of  the 
electrodes  is  5  mm  which  provides  a  sensitivity 
about  0.4  H;/ng  calculated  by  (1>.  The  built-in 
micro  heater  is  a  thin  ^np  situated  around  the 
electrodes  (Fig.  1)  and  is  made  from  the  same  mate¬ 
rial.  The  thickness  of  the  electrodes  and  the  hea¬ 
ter  is  about  0.12  pm  and  they  all  are  deposited  in 
one  technological  cycle.  The  resonator  is  mounted 
at  standard  holder  with  additional  output  connec¬ 
tors  to  the  heater. 

3.  Results 

3.1.  Electrical  parameters  of  the  resona¬ 
tor 

The  typical  electrical  parameters  of  a  re¬ 
sonator  with  built-in  micro  heater  are  following: 


Resonance  frequency 

- 

14.422  MH; 

Static  capacity 

- 

8.5  pF 

Dynamic  resistance 

- 

14.2  n 

Dynamic  capacity 

- 

14.4  fF 

Dynamic  inductivity 

- 

8. 4  mH 

Loaded  Q 

- 

54-10' 

Figure  2  demonstrates  the  spectral  charac¬ 
teristic  of  the  same  sample. 

Eecause  of  the  golden  electrodes  the  reso¬ 
nator  possesses  very  high  time  stability.  It  was 
found  that  the  typical  value  of  frequency  time  in¬ 
stability  did  not  exeed  0.1  Hz  per  10  seconds, 
0.2  Hz  per  2  minutes  and  0.5  Hz  per  10  minutes. 

3.2.  Parameters  of  the  micro  heater. 

In  order  to  determine  the  necessary  elec¬ 
trical  conditions  to  reach  the  wanted  temperature 
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of  150*C  the  following  experiment  was  performed. 
First  the  resonator  was  placed  in  a  thermostat  with 
temperature  150T  and  its  frequency  was  measured. 
After  that  the  temperature  of  the  thermostat  was 
lowed  down  and  l ept  up  to  25°C.  An  electrical  vol¬ 
tage  was  applied  on  the  heater  and  was  gradually 
increased  till  the  frequency  became  the  same  as  at 
150*C.  With  the  typical  value  of  resistance  of  the 
heater  about  30  0  the  measured  value  of  the  voltage 
was  about  6  V  and  the  current  was  about  130  mA.  In 
this  way  the  calculated  value  of  the  electrical  po¬ 
wer  consumpted  by  the  heater  was  about  BOO  mW, 
which  was  less  than  the  maximal  admissible  value 
for  the  conductive  golden  strip  of  the  heater.  The 
usage  of  a  golden  heater  allows  itself  regeneration 
from  adsorpted  mercury  vapours  too. 

3.3.  Parameters  of  the  sensor 

Figure  3  shows  the  block  diagram  of  the 
experimental  apparatus  for  investigation  of  the  re¬ 
lationship  between  the  quartz  resonator  frequency 
and  the  mercury  vapours  concentration.  The  measure¬ 
ment  apparatus  allows  to  monitor  the  frequency  of 
the  measuring  resonator,  as  well  as  the  difference 
between  the  frequencies  of  the  measuring  and  the 
standard  generators.  The  usage  of  a  standard  gene¬ 
rator  made  possible  the  conversion  from  higher  to 
lower  frequencies,  so  that  the  latter  could  be  more 
easily  processed  further. 

For  regeneration  of  the  sorption  capacity 
of  the  resonator  we  chose  a  temperature  o 1  150’C  at 
which  there  are  not  any  relaxation  processes  in 
quartz  [41.  As  it  was  mentioned  above  the  built-in 
micro  heater  ensure  this  temperature  at  cited  elec¬ 
trical  conditions.  The  desorption  time  period  at 


this  temperature  is  not  more  than  30  minutes. 

Figure  4  shows  the  relationships  between 
the  frequency  response  of  the  measuring  quartz  re¬ 
sonator  and  the  time  period  of  action  of  the  mercu¬ 
ry  vapours,  which  were  established  at  different 
pressures  of  the  saturated  mercury  vapours,  i.e. 
they  are  with  different  concentrations.  These  rela¬ 
tionships  are  linear  and  thus  allow  us  to  determine 
small  concentrations  of  mercury  vapours  by  increa¬ 
sing  the  time  of  action. 

The  concentrati on  of  mercury  vapours  can 
be  determined  by  investigation  of  measuring  resona¬ 
tor  upon  the  flow  rate  of  deluted  mercury  vapours 
throug  the  chamber.  In  a  particular  apparatus  [41 
the  maximal  frequency  response  rate  of  50  Hz/min  is 
reached  at  a  flow  rate  of  400  ml /min. 

Figure  5  demonstrates  the  relationships 
between  the  frequency  response  rate  and  mercury 
concentration  in  the  interval  from  2-10~a  to 
4'10_:?  g/m'.  The  results  give  the  possibility  to 
calculate  the  detection  limit.  As  seen  from  Figu¬ 
re  5  the  frequency  response  rate  of  the  measuring 
resonator  at  mercury  concentration  in  air 
2-10~a  g/'  is  1  Hz/min. 

Being  measured  for  2  minutes  the  change  of 
frequency  equals  2  Hz.  For  this  time  period  the 
frequency  instability  of  the  resonator  does  not  ex¬ 
ceed  0.2  Hz.  In  this  case  the  minimal  detectable 
frequency  change  according  to  the  3m  -  criterion 
is  approximately  0.6  Hz,  while  the  detection  limit 
correspond! ng  to  frequency  response  rate  0.6  per  2 
minutes  is  6-10-*  g/mT.  Calculated  in  the  same  way 
the  detection  limit  is  3•10_',’  g/mr  when  being  mea¬ 
sured  for  10  minutes. 

The  threshold  limit  value  (TLV)  of  mercury 
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vapours  in  air  is  equal  to  10  B  g/mT  according  to 
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current  standards  [61,  therefore  the  above  mentio¬ 
ned  detection  limits  correspond  to  0.6  and  0.3  ti¬ 
mes  TLV. 


C5]  Saubrey  6.Z.,  Z.  Physik.  V ol .  155, 

(1959) 

C61  State  standard  of  the  USSR  -  GOST  12.3.031 
-  83  (in  russian) 


4.  Conclusions 

The  results  of  the  investigation  work  show 
that  the  described  piez i el ectric  resonator  can  be 
used  as  a  sensor  for  detecting  and  measuring  small 
concentrations  of  mercury  vapours  in  air  up  to  the 
threshold  limit  value.  The  built-in  micro  heater 
allows  the  regeneration  of  the  resonator  to  be  done 
easily  without  special  laboratory  conditions.  It 
gives  the  possibility  the  represented  piezosorption 
sensor  for  mercury  vapours  in  air  to  pass  in  gene¬ 
ral  use  in  a  great  n^mb^  practical  needs. 
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ri g.  1 .  General  view  o-f  the  resonator 
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RELATIONSHIPS  BETWEEN  THE  FREQUENCY  RESPONSE 
AMP  THE  TINE  PERIOD  OE  ACT  I  ON  AT  DIFFERENT 
CONCENTRATION  OF  the  mercury 
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Abstract 

Frequency  control  like  many  other  processes  has  an 
abundance  of  variables.  These  variables  can  be  stud¬ 
ied  using  the  tools  of  Statistical  Process  Control  (SPC). 
This  paper  will  discuss  some  possibilities  of  using 
these  tools  to  improve  the  accuracy,  precision  and 
quality  of  frequency  control.  The  tools  presented  are 
process  flow  charts,  pareto  charts,  cause  and  effect 
charts,  histograms,  scatter  diagrams/regression,  con¬ 
trol  charts  and  designed  experiments  in  the  control  of 
frequency  standard  processes.  Some  of  the  major  vari¬ 
ables  considered  will  be  crystals,  thermistors,  selastic 
and  workmanship  and  how  to  study  their  relationships 
to  frequency  stability.  No  experimental  work  has  been 
done  to  this  point.  Therefore  the  paper  will  discuss  a 
few  approaches  to  studying  frequency  control  using 
the  preventative  method  of  SPC.  The  major  emphasis 
will  be  on  reducing  the  variation  of  the  frequency  sta¬ 
bility  by  studying  variation  and  being  able  to  sort  out 
the  signal  (assignable  causes)  from  the  noise  (random 
causes).  Some  specific  items  included  will  be  when  and 
how  to  look  at  the  distributions  of  the  data  along  with 
when  and  how  to  look  at  the  data  over  time. 


Introduction 

Increased  worldwide  competition  in  the  electronics 
industry  has  prompted  many  companies  to  consider 
the  use  of  SPC.  One  of  the  first  areas  in  the  electronic 
industry  was  the  computer  industry.  SPC  can  be 
applied  to  product  design,  process  design,  manufactur¬ 
ing  and/or  the  providing  of  services. 

SPC  is  a  management  philosophy  which  embraces  the 
methodology  of  prevention  of  defects  with  the  goal  of 
improved  quality  and  productivity.  When  quality  is 


improved  it  causes  improved  productivity  and 
reduces  cost.  Continuous  improvement  in  the  product 
and  processes  is  realized  by  reducing  variation  and 
moving  towards  the  optimum  target  point  of  each  pro¬ 
cess  variable.  This  philosophy  must  encompass  the 
entire  company  though  all  levels  of  management  to 
reap  the  maximum  possible  benefits. 


Process  Flow  Charts 

This  is  the  first  step  in  SPC  implementation.  This 
chart  answers  the  question  “what  goes  on  in  the  pro¬ 
cess?.”  It  visually  describes  the  sequential  process 
steps  and  decision  points  in  the  process.  (Figure  1)  In 
this  process  flow  chart  the  major  steps  of  manufactur¬ 
ing  a  frequency  control  device  are  displayed.  An  oven 
controlled  type  frequency  standard  is  used  as  the 
example. 


Pareto  Chart 

This  chart  answers  the  question  “what  are  the  major 
problems  in  the  process?.”  (Figure  2)  It  is  a  bar  chart 
that  separates  the  trivial  many  problems  from  the  vital 
few.  This  helps  people  understand  which  problems 
occur  most  frequently  so  they  can  work  those  first.  [1] 

The  rule  of  thumb  used  is  that  20%  of  the  problems 
create  80%  of  the  impact.  Collection  of  defect  types  or 
problem  categories  is  the  first  step.  Next  arrange  the 
contributors  in  bar  chart  form,  from  largest  contribu¬ 
tor  down  to  the  smallest  contributor  on  the  x  axis.  The 
y  axis  represents  the  number  of  occurrences.  Figure  2 
is  an  example  of  major  problems  in  the  manufacture 
of  frequency  standards. 
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Cause  and  Effect  Chart 

The  next  step  is  to  construct  a  cause  and  effect 
chart.[l]The  problem  (or  defect)  is  the  effect,  the  pos¬ 
sible  causes  are  generated  with  a  “Brainstorming”  ses¬ 
sion.  (Figure  3)  For  the  remainder  of  this  paper,  when 
effect  is  used  it  is  implied  that  the  effect  is  a  major 
problem.  This  chart  motivates  the  answer  to  the  ques¬ 
tion  “what  are  the  causes  of  the  major  problem?” 

To  construct  a  cause  and  effect  chart  you  simply  brain¬ 
storm  possible  causes  with  the  process  experts  in  five 
major  areas  (methods,  machinery,  material,  man,  and 
the  environment).  This  has  been  done  for  the  effect  of 
the  crystal  in  figure  3  since  it  was  the  largest  problem 
on  the  pareto  chart  (figure  2). 


Histogram 

The  Histogram  helps  define  a  possible  cause  or  effect 
to  determine  graphically  the  central  tendency,  shape, 
and  variation  associated  with  variable  (footnote  1) 
data.  It  answers  the  question  “what  does  a  look  at  the 
past  or  present  data  look  like?.”  The  data  can  be  com¬ 
pared  to  a  specification  to  see  how  the  distribution 
looks  in  regards  to  the  specification.  It  is  a  snapshot  of 
the  data  and  can  be  very  helpful  in  understanding, 
correcting  and  improving  a  particular  cause  or  effect. 


It  is  a  special  bar  chart  with  the  variable  data  (continu¬ 
ous  data)  on  the  x  axis  and  the  number  or  percentage 
of  occurrences  on  the  y  axis.  It  does  not  take  time 
order  into  account.  [1] 

Figure  4  represents  the  distribution  of  the  frequency 
stability  readings  from  a  frequency  standard  over  the 
temperature  range  from  25  degree  C  to  85  degree  C. 
The  shape  of  any  group  of  data  is  very-  important.  How 
it  compares  to  the  specifications  is  also  very  helpful  in 
improving  any  process.  Figure  5  is  another  histogram 
of  the  crystal  turning  point  temperature  for  a  sample 
of  crystals  to  describe  the  shape,  central  tendency,  and 
variation  between  crystals.  Figure  4  is  an  effects/out¬ 
puts.  Figure  5  is  a  possible  cause  of  variation  for  fre¬ 
quency  stability  distribution  in  figure  4. 

From  figure  4  the  assumption  that  the  distribution  is 
normal  can  be  made.  This  means  the  data  should  be 
consistent  and  repeatable.  Another  statistical  tech¬ 
nique  can  be  used  to  predict  the  percentage  of  fre¬ 
quency  standards  outside  the  specifications  of  10 
megahertz  plus  or  minus  0.05  hz.  (10  megahertz  has 
been  subtracted  from  ail  the  data  for  ease  of  interpre¬ 
tation  and  explanation.)  The  mean  of  the  data  is 
-0.0288  Hz  and  the  standard  deviation  (a  measure  of 
variation)  is  0.034  Hz.  The  percentage  outside  the 
specification  would  be  27.78%.  (Figure  4a)  This  pre¬ 
diction  was  made  with  a  sample  of  80  values  and  is 
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*g  =  0.0288 
d  Dev  =  0.034 


Frequency  Stability  In  Hz 


Figure  4.  Frequency  Stability  25  *  J  to  85  *C  Histogram  for  10  MHz.  Frequency  Std. 


27.78%  Target 

Outside 

Of  The  Specification 


Figure  4A. 
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Figure  5.  Turning  Point  Temperature  Histogram. 


very  reliable.  It  is  now  understood  that  the  variation  is 
too  large  and  the  mean  is  shifted  towards  the  lower 
specification  limit.  (Figure  4a)  The  target  for  the  mean 
on  this  chart  is  10  megahertz  or  0.  The  same  predic¬ 
tion  could  be  made  for  the  turning  point  data.  Using 
these  techniques  it  is  much  easier  to  make  improve¬ 
ments  in  comparison  to  counting  how  many  are  in  or 
out  of  specification  with  no  regard  to  the  location  of 
the  values. 

1)  variable  data  -  measurement  type  data  i.e.  (length, 
weight,  s/n  ratio,  modulation,  frequency  etc.)  as 
apposed  to  attribute  data  (pass-fail,  go-no  go) 


Scatter  Plot/Regression  Analysis 

This  tool  can  be  used  to  try  to  understand  the  relation¬ 
ships  between  the  causes  and  the  effects.  (  Figure  6) 


This  tool  answers  “what  are  the  cause/effect  relation¬ 
ships?.”  It  is  very  helpful  in  understanding  ‘he  major 
causes  of  variation  of  a  particular  effect.  A  simple 
regression  can  be  plotted  on  an  x-y  grid  or  scatter  plot 
while  multiple  regression  will  require  more  complex 
statistical  methods.  This  tool  is  very  effective  when 
studying  one  or  many  causes  and  their  relationship  to 
the  effect.  The  results  can  be  used  to  monitor  an 
important  cause  on  a  control  chart  or  discover  the  best 
level  of  the  cause  which  produces  an  optimum  effect. 
[1] 

Figure  6  represents  a  scatter  plot  or  simple  regression 
between  the  frequency  stability  (output/dependent 
variable/effect)  and  the  distance  of  the  thermistor 
from  the  heater  (input/independent  variable/cause). 
This  is  not  actual  data,  but  an  example  of  what  this 
relationship  may  look  like. 
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Figure  6.  Thermistor  Distance  By  Frequency  Stability 
Scatter/Plot/Simple  Regression  Illustrative  Data. 


Design  of  Experiments  cover  interactions.  The  designed  experiment  is  a  sys¬ 

tematic  and  balanced  matrix  that  ensures  more 
This  tool  is  used  often  after  a  cause  and  effect  chart  to  understanding  of  the  relationships.  It  helps  understand 

study  many  different  causes  and  their  relationship  to  why  something  works,  not  just  if  it  works,  and  moves 

the  effect.  This  tool  also  answers  “what  are  the  cause/  the  experimenter  towards  the  best  solution  instead  of 

effect  relationships?.”  It  differs  from  regression  in  that  one  that  merely  is  acceptable.  In  addition  designed 

the  different  levels  of  the  causes  are  prudently  picked  experiments  are  often  more  economical  and  almost 

to  learn  the  maximum  amount  of  information  about  always  generate  more  and  better  information, 

the  effect  with  the  minimum  amount  of  time,  cost  and 
effort.  An  example  of  a  design  layout  is  presented  in 

Figure  7.  [2,3]  Control  Charts 

This  is  a  full  factorial  experiment  with  2  levels  and  3  This  chart  can  be  used  to  learn  about  a  process,  or  after 

factors  (thermistor  placement,  turning  point  tempera-  much  of  the  learning  is  done  to  monitor  a  process  for 

ture,  error  in  setting  the  turning  point).  This  experi-  control  and  continually  improve  it.  As  a  learning  tool 

ment  would  be  able  to  answer  the  question  of  which  it  can  be  used  to  learn  the  effects  of  many  causes,  one 

factors  or  interaction  of  factors  has  the  largest  affect  on  at  a  time,  on  the  charted  effect  in  order  to  continually 

frequency  stability  and  possibly  the  optimum  level  of  improve  the  process.  As  a  monitor  it  is  statistical 

these  factors  to  obtain  the  desired  frequency  stability  proof  of  quality  and  can  always  be  used  to  improve  a 

mean  and  variation.  It  is  much  more  effective  than  the  process.  [4,5] 

normal  shotgun  or  one  factor  at  a  time  approach 

which  frequently  never  solve  the  problems  or  answer  Figure  8  is  the  range  chart  for  the  frequency  stability 

the  questions.  These  two  approaches  can  never  dis-  subgroups.  It  exhibits  a  state  of  statistical  control.  The 
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Range  Of  Frequency 


Run 

Number 

Thermistor 

Placement 

Turning  Point 
Temperature 

Error  In 

Setting  Oven  To 
Turning  Point 

1 

0.25  Inch 

85  Deg 

0  Deg 

2 

0.50  Inch 

85  Deg 

0  Deg 

3 

0.25  Inch 

90  Deg 

0  Deg 

4 

0.50  Inch 

90  Deg 

0  Deg 

5 

0.25  Inch 

85  Deg 

+2  Deg 

6 

0.50  Inch 

85  Deg 

+2  Deg 

7 

0.25  Inch 

90  Deg 

+2  Deg 

8 

0.50  Inch 

90  Deg 

+2  Deg 

Figure  7.  Full  Factorial  Experimental  Design  2  Levels  and  3  Factors. 


Date 


Figure  8.  Frequency  Stability  25  'C  to  85  ’C  Range  Chart  for  10  MHz  Frequency  Std. 
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variation  is  larger  than  desired  but  the  variation 
within  the  subgroups  is  consistent. 

Figure  9  represents  the  plotted  averages  of  subgroups 
of  size  4  of  frequency  stability  data  from  the  histogram 
figure  4.  This  data  is  now  in  time  order  and  more 
insight  into  the  problem  of  too  much  variation  and  the 
shift  of  the  mean  towards  the  low  side  of  the  specifica¬ 
tion  can  be  seen.  When  looking  at  the  data  a  shift  to  a 
higher  average  is  apparent  from  the  7th  to  14th  sub¬ 
group.  Possible  causes  are  dewar  flask  loss,  thermistor 
lead  length,  thermistor  heat  sink  compound,  and  crys¬ 
tal  turning  point  temperature.  This  is  just  some  pos¬ 
sibilities  of  causes  that  can  be  discovered  when  using 
control  charts. 


Summary 

The  techniques  discussed  in  this  paper  are  the  major 
techniques  used  in  SPC.  There  are  many  additional 
methods  and  variations  of  the  above  methods  that  can 
be  used.  The  statistical  methods  don’t  solve  the 
problems  ,  but  they  give  people  who  can  solve  the 
problems  the  signal  when  and  where  to  look  for  the 


problems.  The  SPC  tools  also  give  reliable  feedback 
when  changes  are  made  and  are  a  tremendous  resource 
for  quality  and  process  history.  They  can  help  change 
peoples  thinking  of  quality  from  merely  being  con¬ 
formance  to  requirements  towards  thinking  of  quality 
as  the  reduction  of  variation  around  a  target  value. 
The  last  thought  you  should  consider  is  that  anyone  in 
market  competition  whose  competitor  uses  these  tech¬ 
niques  and  does  not  use  them  also  is  at  a  distinct  dis¬ 
advantage. 

[1]  T.  P.  Ryan,  “Statistical  Methods  For  Quality 
Improvement.”  New  York:  Wiley,  1989 

[2]  G.  E.  P.  Box,  W.  G.  Hunter,  J.  S.  Hunter. 
Statistics  For  Experimenters.  New  York:  Wiley, 
1978,  chap  1,  6  &  7. 

[3]  D.  C.  Montgomery,  Design  And  Analysis  Of 
Experiments.  New  York:  Wiley,  1984,  chap  1,  7, 
9  &  11. 

[4]  Western  Electric,  Statistical  Quality  Control 
Handbook.  North  Carolina:  Western  Electric, 
1983,  pp.  1-229. 


Date 

Figure  9.  Frequency  Stability  25  ’C  to  85  *C  X-Bar  Chart  for  10  MHz  Frequency  Std. 
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pp.  1-347. 


Biography  of  Bill  Thomas 

Fourteen  years  of  industrial  experience  with  the  last 
six  in  the  training  and  implementation  of  SPC,  Experi¬ 


mental  Design  and  other  Statistical  methods  at  Con¬ 
trol  Data  Corp.  and  Rockwell  International.  Teaches 
numerous  courses  for  the  American  Society  for  Qual¬ 
ity  Control  and  Kirkwood  Community  College.  B.S. 
Degree  from  Western  Illinois  University,  currently 
working  on  M.S.  studies  in  statistics  and  engineering 
at  the  University  of  Iowa  and  is  a  Certified  Quality 
Engineer. 


293 


FORTY- FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 
A  Synopsis  of  Quality  Involvement/Improvement  Programs 
and  the  Ramifications  on  our  Industry 
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Carlisle  Pa, 

17013 


Dr.  Virgil  Bottom,  in  his  paper  at  the 
35th  FCS,  "A  History  of  the  Quartz  Crystal 
Industry  in  the  USA",  referred  to  the  quartz 
crystal  industry;  "Like  the  North  American 
Indian,  a  ward  of  the  government,  dependent 
upon  it  for  financial  and  technical  support,  and 
struggling  to  stay  alive  to  be  in  position  to  meet 
the  challenge  of  the  next  military  crisis." 

Gentleman,  our  industry  is  dying.  For 
many  it  is  dead  or  will  soon  be.  Referring  to  Fig. 

1  which  was  supplied  from  the  U.S.  Department 
of  Commerce,  adjusted  to  reflect  constant  1979 
dollars,  things  don’t  look  so  good  in  our  industry 
compared  to  inflated  yearly  dollars.  In  fact  these 
adjusted  numbers  are  most  likely  optimistic  in 
that  there  is  some  offshore  manufacturing 
included  in  these  numbers.  There  is  in  my  mind 
only  one  solution.  It  can  be  stated  in  somewhat 
different  terms  but  they  all  say  the  same 
thing — Total  Quality  Mentality,  Total  Quality 
Management,  Quality  Involvement,  etc. 

Identifying  customers  of  our 
industry’s  products  that  really  have  a  Quality 
Mentality,  not  "just  for  fun  quality",  was  really 
i  .''er  easy.  I  would  ask  the  purchasing  person 
or  contracts  contact  about  his  company’s  Quality 
systems  or  policy.  If  the  contact  just  said  "yes  we 
have  one"  you  could  bet  that  it  was  just  for  fun. 
Even  if  the  contact  said  that  you  must  be 
preferred  or  approved  or  inspected  to  such  and 
such  a  quality  specification,  it  is  still  a  good 
chance  that  it’s  just  for  fun.  But  if  the  customer 
says  that  they  must  work  with  you  to  assure 
themselves  of  your  quality,  you  can  be  assured 
that  they  have  a  Quality  mentality.  Of  the  dozen 
or  so  companies  that  I  tested  only  two  really  at 
this  time  demanded  working  assurances  or  proof 
of  Total  Quality  Management.  Those  two 
companies  were  Motorola  Inc.  and  Harris 
Corporation,  specifically  their  Government 
Systems  Sector.  A  brief  description  of  each 
program  is  as  follows: 
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U.S.  Factory  Output  of  Oscillator  Crystals 


1978  1980  1982  1984  1986  1988  1990 

Year 

Figure  I 


MOTOROLA:  Malcolm  Baldrige  National  Quality 
Award  participation  and  six  sigma  Quality  are 
required  to  maintain  standing  as  a  supplier. 

HARRIS  :  Supplier  Partnership  Program  and 
subsequent  preferred  or  best  in  class  status  to 
maintain  standing  as  a  supplier. 

MALCOLM  BALDRIGE  NATIONAL  QUALITY 
AWARD 

The  Malcolm  Baldrige  award  was  named 
after  the  former  Secretary  of  Commerce  in  the 
Reagan  Administration.  Sigma  is  a  statistical  unit  of 
measurement  that  describes  the  distribution  about 
the  mean  of  any  process  or  procedure.  A  process  or 
procedure  that  can  achieve  plus  or  minus  SIX 
SIGMA  capability  can  be  expected  to  have  a  defect 
rate  of  no  more  than  a  few  parts  per  million,  even 
allowing  for  some  shift  in  the  mean. 

The  Malcolm  Baldrige  National  Quality  Award  was 
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established  as  a  result  of  Public  Law  100-107- 
"The  Malcolm  Baldrige  National  Quality 
Improvement  Act  of  1987"  and  signed  by 
President  Reagan  on  August  20,  1987.  The 
purpose  of  the  award  is  to  promote  quality 
awareness,  recognize  quality  achievements  of 
U.S.  companies  and  publicize  successful  quality 
strategies.  The  Secretary  of  Commerce  and  the 
National  Institute  of  Standards  and  Technology 
(NIST)  is  responsible  for  developing  and 
administering  the  awards,  with  cooperation  and 
financial  support  from  the  private  sector. 

The  Baldrige  award  criteria  are  as  follows: 

1 )  Corporate  quality  leadership 

2)  Information  and  analysis 

3)  Planning 

4)  Human  resource  utilization 

5)  Quality  assurance  of  products  and  services 

6)  Quality  improvement  results 

7)  Customer  satisfaction 

The  examination  process  is  as  follows: 
Each  written  application  is  reviewed  by  three 
examiners.  These  examiners  are  quality  experts, 
including  retired  quality  professionals,  selected 
from  industry,  professional  and  trade 
organizations  and  universities.  High  scoring 
applicants  are  selected  as  finalists,  and  must 
undergo  a  site-verification  visit  by  one  or  more 
teams  of  examiners.  A  panel  of  judges  reviews 
all  data  and  information,  and  recommends  award 
recipients.  The  Malcolm  Baldrige  National 
Quality  Consortium,  formed  by  the  American 
Society  for  Quality  Control  and  the  American 
Productivity  Center,  administers  the  evaluation 
process. 

SUPPLIER  PARTNERSHIP  PROCESS 

The  Partnership  Program  is  a 
strategic  initiative  which  allows  HGSS  (Harris 
Government  Systems  Sector)  to  focus  its 
resources  on  the  key  suppliers.  A  stringent  list  of 
criteria  is  used  to  evaluate  supplier  performance, 
capability  and  commitment.  It  is  as  follows: 

1.  Quality  rating  for  previous  4  quarters. 

2.  Scheduling  rating  for  previous  4  quarters. 

3.  Internal  program  for  continuou  - 
improvement. 

4.  Composite  credit  rating  (D&B). 

5.  Consistently  ships  required  technical  data 
with  hardware. 


6.  Consistently  ships  exact  quantities  as  stated  on 
Purchase  Order. 

7.  Keeps  Harris  informed  of  production  schedule, 
status. 

8.  Offers  technical  expertise  in  application  of 
commodity. 

9.  Inspection  system  compliant  to  Mil-I-45208. 

10.  Monitors  and  reacts  to  GIDEP  alert  information. 

1 1.  Maintains  FIFO  inventory  system. 

12.  Delivers  valid  SPC  data  with  each  delivery. 

13.  Internal  standard  parts  program. 


The  objective  of  the  program  is  to 
improve  product  quality,  performance  and  decrease 
costs.  In  the  case  of  the  crystal/oscillator  product 
area,  27  candidate  suppliers  were  surveyed,  with  the 
"final  four"  identified  either  as  "preferred"  or  "best 
in  class".  It  is  the  intention  of  this  program  to  then 
only  use  these  suppliers.  The  initial  reduction  of 
supplier  base  allows  for  enhancement  of  HGSS 
communications  with  resulting  committed  suppliers. 
This  leads  to  a  reduction  of  inspection  and  data 
verification  as  a  result  of  problem  identification 
and  resolution.  HGSS  then  gets  involved  in  new 
designs  based  on  process  capability.  Once  this 
happens  the  supplier  gets  involved  with  strategic 
planning  and  award  of  annual  basic  ordering 
agreements. 


KEY  CONCLUSIONS  OF  BOTH  PROGRAMS 

*  Quality  is  a  management  leadership  issue. 

*  Start  with  the  basics. 

*  Quality  is  a  management  leadership  issue. 

*  Implement  systems  and  technical  changes  in 
concert  with  organization  and  cultural  changes. 

*  Quality  is  a  management  leadership  issue. 

*  Focus  on  implementing  a  few  basic  concepts. 

*  Quality  is  a  management  leadership  issue. 

*  Shoot  the  gurus. 

*  Quality  is  a  management  leadership  issue. 

*  Broaden  the  scope  of  quality  improvement. 

*  Quality  is  a  management  leadership  issue. 

*  Concentrate  on  a  value-driven  approach. 

*  Quality  is  a  management  leadership  issue. 

*  Get  training  out  of  the  classroom. 

*  Quality  is  a  management  leadership  issue. 

*  Get  personal  involvement  in  the  improvement 
process. 
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The  basic  components  that  are  of  a 
necessity  to  participate  in  the  Baldrige  or  the 
Harris  program  are: 

•Documentation  of  ail  processes. 

*SPC  utilized  at  every  level  at  every  work 
station. 

*DFM  applied  to  every  aspect  of  design. 

•MRPI1  utilized  through-out  the  manufacturing 
area. 

*CPM  used  on  all  development  programs. 

The  results  that  are  gotten  are  well  worth 
the  costs  and  emotional  energy  spent  in  making 
the  cultural  change  to  a  organization.  As  an 
example.  Figure  2  is  a  chart  showing  the  rework, 
reorder  costs  over  a  period  of  2  years  at  Piezo 
Crystal  Company.  In  order  to  achieve  this  we 
had  to  get  to  three  sigma  process  yields.  It  has 
taken  us  almost  6  years  to  get  to  this  point  in  our 
development.  We  believe  that  six  sigma  is 
achievable  but  will  take  at  least  6  more  years. 
The  return  on  investment  calculations  when 
viewed  in  retrospect  yield  a  TEN  fold  return. 
The  hand  writing  is  on  the  wall,  we  must  change 
our  mentality;  specifically  our  "just  for  fun" 
Quality  mentality. 

Internal  Units  Reorder 


Figure  2 


typical  specification  would  be  based  on  the 
statistical  capabilities  of  the  processes  that  the 
device  was  manufactured  to.  For  brevity  only  three 
characteristics  are  presented:  resistance  (Figure  3), 
Z-angle  (Figure  4)  and  process  lead  time  (Figure  5). 
By  specifying  only  within  these  distributions  3 
sigma  process  yields  are  assured. 

In  conclusion,  from  our  experience  at  Piezo  Crystal 
Company,  the  following  benefits  are  gained  by 
actively  participating  in  a  Quality  program: 


The  universally  accepted  definition  of 
Quality  is  compliance  to  customers 
specifications.  So  it  is  apparent  that  one  way  to 
change  the  Quality  mentality  of  manufacturers  is 
to  change  the  specifications  to  reflect  the  yields 
of  the  processes  to  insure  3  or  6  sigma  yields. 

The  key  is  for  the  user  or  the  manufacturer  to 
develop  specifications  that  will  insure  Quality. 

To  build  in  Quality  rather  than  inspect  for 
Quality  at  the  end  of  the  production  process.  A 


1.  The  manufacturer  knows  what  the  process 
capabilities  are  and  can  monitor  changes  to 
effect  improvement  in  yields. 

2.  The  customer  gets  a  product  that  has  Quality  and 
is  reproducible,  not  a  "shop  queen". 

3.  The  manufacturer  makes  a  profit  (the  ultimate 
goal  of  our  society),  is  able  to  expense  R&D  and 
stay  in  business. 
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Raman-Nath  Diffraction  by  Means  of  Thickness-Shear  Oscillating 
AT-Cut  Quartz  Cristal  Resonator 
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SUMMARY 

The  Raman-Nath  effect  has  been  observed 
in  quartz  crystal  resonator  which  is 
oscillating  with  an  overtone  mode.  A  plano-convex 
AT-cut  quartz  crystal  resonator  vibrating 
in  5th  overtone  thickness-shear  mode,  the 
resonant  frequency  is  about  5  MHz,  has  been 
used  as  a  Raman-Nath  diffraction  grating  in 
this  experiment. 

When  a  laser  beam  is  passing  through  the 
quartz  resonator  parallel  to  the  thickness- 
shear-oscillation  stress  Tg ,  the  stress 
creates  an  optical  index  variation  inside 
the  quartz  crystal  resonator,  che  variation 
functions  as  a  diffraction  grating,  and  the 
laser  beam  has  been  diffracted  by  the  Raman- 
Nath  effect.  However,  the  diffraction  angle 
of  output  light  beams  are  very  small, 
because  the  distance  between  two  successive 
planes  of  maximun  index  is  large,  the 
diffraction  phenemenon  has  been  obseved  only 
by  using  a  special  device.  A  single  mode 
optical  fiber  has  been  used  as  an  optical 
probe.  It  has  been  scanned  in  the  output 
diffracted  light  beams  for  the  measurement 
of  diffraction  patterns.  The  optical  probe 
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has  been  able  to  detect  the  diffraction  light  beams 
as  nodulated  light  beam  with  resonant  frequency 
of  the  resonator. 

This  mechanism  can  be  applied  to  the 
light  beam  spritter  system  and  other  optical 
wave  guides,  and  a  light-modulated  quartz 
crystal  oscillator. 

INTRODUCTION 

The  princeples  of  acousticall  devices  for 
the  light  modulation  are  based  on  the  scattering 
of  light  by  sound  waves.  Refraction  and 
diffraction  effects  can  be  observed  when 
light  beam  passes  through  a  transparent 
material  at  right  angle  to  a  high-  frequency 
sound  field  propagation  in  the  same  medium. 

The  diffraction  into  a  series  of  order  of 
light  incident  normally  on  an  acoustic 
diffraction  grating  in  a  liquid  medium  is 
termed  the  Debye-Sears  effect.1^  The 
equivalent  effect  in  a  solid  medium  had 
been  studied  by  Raman  and  Nath,  energetically 
2_61  When  a  quartz  crystal  resonator  which 
is  vibrating  in  an  overtone  thickness- 
shear-oscillating  frequency  is  used  for  a 
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solid  diffration  grating,  also  Raman-Nath 
diffraction  can  be  observed.  Because  th 
acoustic  standing  wave  in  the  resonator 
creates  a  peiodic  refractive  index  varia¬ 
tion  inside  the  quartz  resonator?^ 

A  plano-convex  AT-cut  quartz  crystal  reso¬ 
nator  (p.c.a.  resonator  )  oscillating  with 
the  5th  overtone  oscillation  resonant 
frequency  of  the  thickness-shear  mode  has 
been  used  in  this  experiment.  Its  resonant 
frequency  is  about  5MHz  and  the  stress 
distributions  inside  the  resonator  have 
been  studied  in  detail®  . 


SOME  CONDITIONS  FOR  RAMAN-NATH  EFFECT 


There  are  some  conditions  if  a  quartz 
crystal  resonator  is  used  for  the  Raman- 
Nath  diffraction  grating.  In  generally, 
Sander  experimentally  confirmed  the  light 
intensities  predicted  by  the  Raman-Nath 
theary  for  both  progressive  and  stationary 
wave1^  .  We  can  introduce  to  a  quantitative 
condition  from  the  Sander's  confimation. 


Q  = 


2  71  L\ 

n0  A2 


(1) 


The  Raman-Nath  diffraction  can  be  observed 
when  Q-<1.  In  equ.  (1),  L  is  the  pass 
length  of  a  light  beam  in  the  medium,  \is 
the  wave  length  of  light,  A  is  the  wave 
length  of  the  acoustic  wave  in  the  medium 
(  it  shows  a  distance  between  maximum 
refractive  indices  perpendicular  to  the 
light  wave  front),  and  nQ  is  the  refractive 
index  of  the  medium.  Fig.  1  shows  the 


diffraction  model  with  the  acoustic  wave 
in  the  p. c. a. resonator .  If  a  5th  overtone 
of  the  thickness  shear  oscillation  of  it, 
the  resonant  frequency  is  about  5MHz.  A  He- 
Ne  gaseous  laser's  wave  length  \  is  6.33x 
10  ^m,  L=lxl0  2m,  A=3.7xl0  ^m,  and  ng  =  1.3, 
then,  Q-number  becomes  about  0.8,  so  the 
Raman-Nath  effect  can  be  achieved. 


PERIODIC  REFFACTIVE  INDEX  VALIATIONS 
IN  THE  QUARTZ  CRYSTAL 


The  refractive  index  of  the  quartz 
crystal  is  specified  by  the  indicatrix, 
which  is  an  ellipsoid  whose  coefficients 
are  the  component  of  the  relative  dielectric 
impermeability,  B^.  The  small  change  of 
refractive  index  produced  by  elecric  field 
and  mechanical  stress  is  a  small  change  in 
the  shape,  size  and  orientation  of  the 
indicatrix.  This  change  is  most  conveni¬ 
ently  specified  by  giving  the  small  changes 
in  the  coefficients  B^.  When  an  electric 

field  E.  and  a  stress  T  are  applied  to 
k  mn 

the  quartz  crystal,  small  changes/ B^  in 

the  B..  are  given  by 
ID 


ZB  .  .  =  Z  .  . ,  E.  +  X  ■  •  T 
lj  igk  k  /,,ijmn  mn 


(2) 


where  Z..  and  JT  ■ ■  are  the  electro-optical 
ig  ',-igmn  r 

and  the  piezo-opticl  coefficients, 

2 

respectively.  Note  ®jj=njj  •  we  can  obtain 


Bij  +ABij=  (  nij  +*nij  > 


-2 


(3) 


where  n^j  is  a  component  of  n^  in  the  ij- 
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direction.  Thus,  in  general,  ^n.  .^n.  . 

1 J  1 J  » 

^  n,  ,  shows  the  small  change  of  n^. 

Equ.  (3)  is  reduced  to 

*nij=-  4no  *Bu  (4) 

and  we  rearrange  (4)  by  substituting  (2) 
into 

An..= - rn^(Z;,„E1,+  l..  T  ){5) 

l]  2  0  '"ijK'-'K  •  /*'igmn  mn 

The  periodic  refractive  index  variations 
are  12,13) 

"J-  ="ij  -  -Fn0  (  ZijkEk  +  JlijmnTmn  > 

n"  -nrs  ~ T  n0  ^  ZrskEk  +-^rsmnTmn  * 

(6) 


where  nj,  and  n M  are  refractive  indices 

at  right  angle  each  other  inside  the  p.c.a. 

resonator.  The  stress  T  can  be  genereted 

mn 

by  the  electric  field  Efc  in  the  quartz 
crystal.  When  the  field  is  alternating 
and  its  frequency  |y  k  coincides  with  the 
mechanical  resonant  frequency  of  the  quartz 
crystal  resonator,  the  photo-elastic  effect 
becomes  very  large  and  the  electro-optical 
effect  is  negligible.  Then,  ander  the 
condition,  Equ.  (6)  are  rewritten  as 


nx  =n..  -  -i-n^  Jlijmn£kmnE’cosiykt 

n"  =nrs  “  -I*n0  JlrsmnfkmnEkcosWkt 

(7) 


In  those  Equ,  the  alternate  stress  T  is 

mn 

replaced  by  the  alternate  electrical  field 


Ek=EkcosWkt.  When  the  p.c.a. resonator  is 

oscillating  in  thichness-shear  mode,  the 
«  , 

shear  stress  T^  (Tg)  is  main  stress. 


Here,  we  can  introduce  the  stress -optical 
coefficients  to  the  alternate  thickness- 
shear  stress  Tg, 

Cg(£>  )=  Jln30Kemn/K  (8) 

where  \  is  the  wave  length  of  the  light 
beam  and  ft  is  an  incident  light  beam  angle 

from  the  z-axis  of  AT-cut  coordinate.  The 

•  < 

coefficients  Cg(£J>)  parallel  to  the  (x  ,z  ) 
plane  of  AT-cut  coordinate  has  been 
calculated'*'4  .  It  is  shown  in  Fig.  2. 

In  Fig.  2,  the  refractive  index  variation 
becomes  maximum  change  when  the  incident 
angle  of  the  light  beam  is  chosen  at  ft  =  30? 
Fig.  3  shows  the  illustration  of  the 
relationship  of  between  incident  light  beam 
and  the  AT-ct  quartz  crystal  plate. 
Refractive  indices  n„  and  nj.  are  parallel 
and  perpendicular  components  to  the 
thickness-shear  stress  Tg.  These  indices 
are  most  effectively  changed  by  the  stress 
Tg  when  the  incident  angle  of  the  light 
beam  is  chosed  at  30°  from  z'-axis  on  the 
(x1  ,z')  plane.  The  alternate  (  vibrating  ) 
thickness-shear  stress  Tg  makes  the 
periodic  refractive  index  layers  inside  the 
p.c.a. resonator  when  the  resonator  is 
oscillating  in  5th  overtone  oscillation. 
This  aspect  has  been  shown  in  Fig.  1. 

PLANO-CONVEX  AT-CUT  QUARTZ  CRYSTAL (p.c.a.) 
RESONATOR  USED  FOR  RAMAN-NATH  GRRATING 

The  p.c.a. resonator  used  for  the  Raman- 
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Nath  modulator  and  its  mounting  aspect  are 

illustrated  in  Fig.  4  (a) , (b) .  Part  of 

the  resonator's  circumference  is  cut  at 

an  angle  of  30°  against  the  z’-axis  in 

order  to  pass  the  laser  beam.  The  stress 

-optical  coefficient  C^(St)  is  maximum 

value  when  the  laser  beam  is  passing 

through  the  p.c. a. resonator  at  the  angle. 

The  Cg(S£)  coefficient  has  been  calculated 

and  it  is  shown  in  Fig.  2.  It  was  confirmed 

that  cutting  does  not  effect  the  thickness 

-shear  oscillation  mode  in  the  resonant 

14  S 

frequency  of  the  p.c. a. resonator 

Vibration  modes  and  thickness-shear 

stress  distributions  of  the  p.c.a.resonetor 

have  been  calculated  and  measured,  too, 

when  the  p.c. a. resonator  is  oscillating  in 

the  fundamental,  3rd,  and  5th  overtone 

7  8  9 

oscillation  frequency,  respectively  '  '  ' 
14,16).  5  shows  the  relative  calculated 

displacements  of  the  p.c. a. resonator . 

i 

And  then,  the  thicxness-shear  stress  Tg 
distribution  of  the  5th  overtone  mode 
along  the  y' -direction  is  shown  in  Fig. 6. 
Doted  lines  and  solid  lines  in  this  Fig. 
are  calculated  values  and  measured  values, 
respectively.  The  refractive  index  inside 
the  p.c. a. resonator  may  be  corrugated  by 
the  |Tg  I  stress  distribution  parallel  to 
the  (x',  *g' )  surface  of  the  p.c.axesonator, 
this  phenomenon  has  been  shown  in  Fig.  1. 
This  effect  can  be  applied  to  Raman-Nath 
difraction  grating. 


RAMAN-NATH  DIFFRACTION  THEORIES 
WITH  p . c . a . RESONATOR 

Consider  a  plane  wavefront  of  laser  beam 
of  wave  length  \  and  anglar  frequency  UJ 
incident  normally  on  the  p. c. a. resonator , 
it  has  shown  in  Fig.  1.  In  this  Fig.,  L  is 
a  light  pass  length  in  the  resonator. 

A  thickness-shear  acoustic  wave  exists  at 
right  angle  to  the  incident  light  beam.  The 
stress  |t6|  is  generated  inside  it.  Acording 

.  I 

to  Equ.(7),  the  jTg |  stress  distribution 
makes  up  the  refractive  index  corrugation 
shown  as  Fig.  1.  If  the  distance  between 
two  successive  planes  of  maximum  density  of 
the  refractive  index  is  A  »  Equ. (7)  are 
rewritten  as 

ni  =  ni j-  4“n0  Jlij6£26E2  cosO/kt  . 

sin  y 

n„  =  nrs-  -fnj  /lcs6£26 e’  cos^t  . 

2  Jt  y ' 

sin  -- —  J 

y\ 

(9) 

where  y'  is  the  position  of  the  AT-cut 
coordinate  shown  in  Fig.  3,  andfciy^is  the 
angler  frequency  of  the  alternate  electric 
field  applied  to  y'  surface.  Ander  the 
condition  k  is  equal  to  2.  We  can  conclude  that 
the  p.c. a. resonator  oscillating  in  thickness 
-shear  overtone  frequencies  is  ableto  use 
as  a  diffraction  grating  devices. 

The  refractive  grating  will  thus  give 
rise  to  diffraction  order  consisting  of  a 
zero  order  and  first  order  at  angles  given 
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by 


(10) 


is  equal  to  the  resonai.t  frequency  of  the 
p.c . a . resonator  used  for  the  aiffration 
grating . 


in  ^  * 


\ 


The  real  situation  differs  from  the  ideal 

in  that  other  diffraction  orders  are 

.  ,  .  17,18) 

presented,  given  by 


Cf>  =  N  =  0,  1,  2,  3,  (11) 


when  the  diffraction  angle  is  very  small. 

An  approximate  relationship  for  the 
relative  intensities  in  the  various  orders 
has  been  taken.  Specifically,  the  intensity 
I  in  the  Nth  order  is  given  by 

<i2> 


where  J  is  the  Nth-order  Bessel  function 
n 

and  is  the  peak  light  deviation. 

In  this  exper iment ,  =  3.7x10  ^m  and 

X =  6.33x10  7m,  then  the  first  order 
diffraction  angle  (j)  ^  becomes  1.71x10  3 
rad.  (0.1  deg. )  . 


EXPERIMENTS  AND  RESULTS 
1.  Experimental  Apparatus 

The  diffraction  angle  (j)  of  the  output 
light  beams  will  be  very  small  becouse 
\«yv  in  this  experiment.  The  first-order 
diffraction  angle  has  been  estimated  as 
1.71x10  ^rad. (0 . ldeg . )  when  the  p.c. a. 
resonator  is  oscillating  in  the  5th  overtone 
resonant  frequency.  Since  the  diffraction 
angle  is  very  small  and  diffraction  patterns 
is  flashing,  like  a  stroboscope,  we  can  not 
observe  the  diffration  phenomenon  by  an 
ordinary  lens  system.  The  trashing  frequency 


Therefore,  a  single  mode  optical  fiber 

has  been  used  for  the  detection  probe 

of  diffraction  light  beams.  The  construction 

of  the  experimental  apparatus  is  shown  in 

Fig. 7  .  The  Lrobe  fiber  may  have  only 

small  scope  from  the  output  diffracted 

light  beam  becouse  the  single  mode  fiber's 

19) 

numerical  aperture  (NA)  is  very  small 
The  diffraction  output  light  beams  catched 
by  the  probe  fiber  are  guided  to  a  P.M. ( 
photomutiplier )  and  changed  to  the  electric 
signal  which  has  same  frequency  of  fh^- 
p.c. a.  resonator 's  resonant  frequency.  A  tunig 
amplifier  selects  only  the  electrical 
signal  which  has  the  flashing  modulated 
frequency  from  output  signals.  The  amplitude 
of  those  signal f ran  the  amplifier  are 
directly  proportional  to  the  intensity  of 
the  diffracted  light  beams  given  by  Equ. 
(12) .  The  diffraction  patterns  are  recorded 
on  the  X-Y  plotter  when  the  top  of  the 
probe  fiber  is  scanning  along  the  y'- 
direction  of  AT-cut  coordinate.  The  position 
of  the  probe  fiber  is  detected  by  a 
differential  transformer  shown  in  Fig. 7. 

2 .  Experimental  Results  of  Diffraction 
Diffraction  patterns  of  the  otput  light 
beam  has  been  measured  when  the  distance 
of  between  the  p.c.0.resonator  and  the  top  of 
probe  fiber,  namely  RP,  was  changed.  Fig. 8 
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shows  diffraction  patters  of  the  output 
light  beams.  The  diffraction  j  tterns  have 
been  taken  when  the  distance  RPiwas  at  1, 
5,10,  50,  and  100  mm. 

We  can  see  that,  from  the  measured  di¬ 
ffraction  patterns  in  Fig. 8,  the  diffraction 
patters  are  noisy  and  the  degree  of  light 
modulations  is  small  when  the  distance  RP 
is  shorter  than  10mm.  For  the  reason,  the 
condition  of  Franhofer  diffraction  should 
be  not  satisfied  when  the  probe  fiber  is 

plased  closely  to  the  diffraction  grating 
20 ) 

(  p. c . a. resonator  )  .  The  Diffraction 

phenomenons  have  been  measured  crialy 
when  the  distance  RPs  was  chosen  larger 
than  10mm. 

APPLICATION  TO  THE  LIGHT  MODULATED 
QUARTZ  CRYSTAL  OSCILLATOR 

This  diffraction  phenomenon  is  applicable 
to  a  new  quartz  crystal  oscillator  system, 
namely  the  Light  Modulated  Quartz  O/stal 
Oscillator^'^^  .  One  of  the  diffracted 
output  light  beams  recived  by  the  probe 
fiber  and  the  P.M.  is  transmitted  to  a 
ac  amplifier,  fhe  output  of  the  amplifier 
is  lead  to  the  electrodes  of  the  p.c.a. 
resonator  by  a  feedback  loap  and  the  optical- 
electric  quartz  crystal  oscillator  system 
is  self-resonant.  This  oscillator  system 
is  shown  in  Fig. 9. 

Effectiveness  of  the  light  modulation 
can  be  estimated  by  measuring  the  threshold 
gain  of  the  ac  amplifier  when  the  self¬ 


oscillation  occurs.  In  Fig. 9,  pL  and  are 
the  gain  of  the  amplifier  and  the  light 
modulator,  respectively.  The  product  ofl/<l 
andi^lis  equal  to  unity  when  self-oscillation 
occurs  in  this  system.  Since  the  value  of 
lyUlis  know,  the  gainl^lmay  be  obtained. 

The  threshold  gaini^Xlof  the  ac  amplifier 
is  shown  in  Fig. 10  when  the  distance  RPs 
are  changed.  Fig. 11  shows  the  output  voutage 
of  the  light  modulated  oscillator  when  the 
amplitude  of  the  ac  amplifier  is  holded  at 
45  dB.  From  the  experiment  of  self¬ 
oscillation,  the  gain  of  the  light 
modulation  was  -36  dB  in  the  5th  overtone 
frequency  oscillation  when  RP=9  cm. 

One  of  the  important  factors  for  the 

stability  of  a  quartz  crystal  oscillator  is 

the  electro-mechanical  energy  coupling 

14 ) 

factor  (e.m.e.c. factor)  .  The  e.m.e.c. 
factor  can  be  made  very  small  when  the 
o.c. a. resonator  is  using  as  diffraction 
grating.  If  the  e.m. e.c. factor  is  made  very 
small  by  separating  the  excitation  electrodes 
from  the  surfaces  of  the  quartz  plate,  the 
oscillator  system  does  not  oscillate  with 
the  factor  depending  on  other  electric 
circuit  constants  of  the  oscillator  system 
because  the  quartz  plate  used  in  this  system 
works  as  a  thiee-port  network  even  though 
it  is  generally  used  as  a  two-port  network 
in  a  standard  quartz  crystal  osillator  system. 
Therefore,  tha  quartz  crystal  plate 
oscillates  very  near  its  purely  mechanical 
resonant  frequency.  It  may  be  concluded 
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from  this  reason  that  an  oscillator  of  the 
present  type  will  possibly  have  good 
frequency  stability  with  time^'^^. 

CONCLUSION 

In  this  experiment,  the  overtone 
oscillating  p.c. a, resonator  can  be  used 
for  the  Raman-Nath  diffraction  grating. 

When  the  distance  between  the  top  of  probe 
fiber  and  the  p.c. a. resonator  is  lager  than 
10  mm,  detected  diffraction  patterns  become 
fine  and  clear.  This  phenomenon  will  be 
applicable  to  the  high  stability  quartz 
crystal  oscillator  system.  A  trial 
oscillator  has  been  oscillated  in  this 
experiment. 

By  the  way,  since  the  thickness  of  the 
quartz  plate  is  thin,  its  resonant 
frequency  becomes  high  and  the  acoustic 
wave  length  inside  the  resonator  becomes 
very  short,  so  the  diffraction  angle  will 
be  larger.  It  will  be  applied  to  the  beam 
splitter  of  the  optical  communication 
system  and  other  optical  wave  guide. 

ACKNOWLEDGEMENT 

Mr.  A.Akazawa  and  Mr.  R.Yamashita, 
students  of  our  university,  co-operate  with 
the  experiment. 

REFERENCES 

1.  Debye, p..  Sears, F.W.,  Proc.  Natl.  Acad.  Sci., 
Washington,  18(1932) ,pp. 409-414. 


2.  Raman, C.V.,  and  Nath, N. S. N. , Proc.  Indian  Acad. 
Sci.  2A(1935) ,  pp. 406-412. 

3.  Raman, C.V.,  and  Nath, N. S. N. , Proc.  Indian  Acad. 
Sci.  2A(1935),  pp.412-420. 

4.  Raman, C.V.,  and  Nath, N. S. N. , Proc.  Indian  Acad. 
Sci.  3A(1936) ,  pp. 75-84. 

5.  Raman, C.V.,  and  Nath,N.S.N. ,  Proc.  Indian  Acad. 
Sci.  3A(1936),  pp. 119-125. 

6.  Raman, C.V.,  and  Nath, N. S. N. , Proc.  Indian  Acod. 
Sci.  3A(1936),  pp.459-465. 

7.  Yamagata,S.,  Nara,S.,and  Fukai,I.,  Microwave, 
Optics  and  Acoustics,  IEE  England,  3(1979), 

6,  pp. 265-271. 

8.  Yamagata,S.,  Fukai,I.,  and  Yasuda,I.,  Trans. 
IECE, Japan  60-A(1977) ,12,  pp.1122-1129. 

9.  Yamagata,S.,  Yamamoto, K. ,  Fukai,I.,  and  vusuda, 
I.,Elctro.  Letter,  IEE  Ehgland,  14,  14(Jul.l979) 
pp. 450-451. 

10.  Yamagata,S. ,  The  10th  Synpo.  Ultrason.  Electro., 
Japan,  Nov. 1969,  pp. 63-64. 

11.  Sander ,H.F. ,  Canad.  J.  Rev.  A14 (1963) .pp. 158-171 

12.  Mason ,W.P. ,  Crystal  Physics  of  Interaction  Pro¬ 
cess,  Academic  Press  1966,  pp.  157-200. 

13.  Nye,J.F.,  Physical  Properties  of  Crystals, 

Oxford  Press  1972,  pp.235-258. 

14.  Yamagata,S.,  Fukai,I.,  and  Yasuda,I.,  Trans. 
Sonic.  &  Ultrason. ,SU-25 (1978) ,  pp. 192-198. 

15.  Yamagata,S.,  Journal  of  Hokkaido  Univ.  of  Educ. 
2A,  29(1978),  1, pp.15-30. 

16.  Yamagata,S.,  Nara,S.,  B\ikai,I.,  and  Yasuda,I., 
Trans.  IECE  Japan, 62-A(1979) ,  7,  pp. 436—443. 

17.  Narasimhamurty,  Photoelastic  and  Electro-Optic, 
Plenum  Press  1981,  pp. 160-186. 

18.  Walter ,G.D. ,  Hand  Book  of  Optics,  McGrow  Hill 


304 


bc*e(ite 


Fig.  4  (a)  Plano-convex  At-cut 
quartz  crystal  resonator 
using  for  diffraction 
grating  in  this  experiment, 
(b)  Glass-bar-mounted 
quartz  crystal  resonator 
using  for  diffraction 
exper iment . 


(a)  fundamental 
oscillation 


(b)  3rd  overtone 
oscillation 


(c)  5th  overtone 
oscillation 


Fig. 5  Displacement  of  thickness-shear 
vibration  modes  calculated  for 
plano-convex  AT-cut  resonator  in 
x'-y'  surface. 


Fig. 6  Thickness-shear  stress  distribution 
of  plano-convex  AT-cut  quartz 
crystal  resonator  oscillating  in 
5th  overtone  resonant  frequency. 
Solid  lines  and  dotted  lines  show 
measurement  and  calculation  values, 
respectively. 


Measured  diffractin 
patterns  when  distance 
between  top  of  plobe 
fiber  and  resonator, 
RP,  is  changed. 


diffracted 
light  beam 


RM 


single  mode  fiber 
G:l25,C10pm.NA=0.00 
b  r\n  a 


amp. 


quartz  plate 
in|x|p|  =  i 


Fig. 9 

Diagram  of  quartz  crystal 
oscillator  by  light 
modulaton  system. 


Fig. 10  Threshold  gain  of  ac  amp. 
in  this  oscillator  when 
RP  distance  was  changed. 


distace  between  fiber  and  modulator  Rp.  cm 


Fig. 11  Output  voltage  from  light 
light  modulated  oscillator 
when  RP  distance  was  changed. 


distance  between  fiber  and  modulator,  pr,c  m 
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ABSTRACT —  The  constituent  equations  for 
piesoelectric  bimorphs  are  written  in  terms  of 
redefined  extensive  and  intensive  variables 
which  makes  it  possible  to  write  the  bimorph 
matrix  in  numerical  form.  This  numerical  ma¬ 
trix  is  diagonalised  to  give  the  eigenvalues  of 
bimorphs.  The  modal  matrix  is  used  to  find  the 
corresponding  eigenstates.  A  physical  interpre¬ 
tation  of  bimorph  eigenstates  is  proposed.  Two 
realisations  of  network  representation  are  given 
for  the  admittance  matrix.  The  eigenvalue  ma¬ 
trix  is  inverted  to  give  the  impedance  matrix. 
The  network  representation  of  the  impedance 
matrix  is  given. 

1  Introduction 

Piesoelectric  bimorphs  have  already  a  long  his¬ 
tory,  they  were  invented  by  C.  Baldwin  Sawyer  [1]  in 
the  late  twenties.  They  were  used  in  large  quantities 
in  grammophone  recorders,  [1],  [2],  as  speaker  element 
in  telephone  handsets,  [3],  [4],  as  optical  chopper  [5] 
or  scanner  [6],  as  pump  element  [7],  [8],  [9,]  to  deform 
mirrors  to  change  the  focal  length  [10],  to  tilt  the  an¬ 
gle  of  magnetic  recorders,  to  reach  an  optimum  reading 
and  writing  speed  [11] 

They  have  been  used  as  motor  elements  [12],  as 
element  to  extract  wind  energy  from  rotating  Savonius 
rotors  [13],  as  accelerometers  [14],  [15],  [32];  as  element 
in  the  control  of  vibration  of  mechanical  constructions 
[16],  [17],  as  gripper  [18],  [19],  and  as  ultrasonic  motor 
element  [20],  [21].  The  latest  class  of  applications  is 
in  Scanning  Tunnelling  Microscopy,  where  a  bimorph 
serves  as  an  element  to  move  the  pointed  probe  over 
the  surface  of  the  object  under  study  [22],  [23],  [33]. 

The  motion  of  the  bimorph  is  small,  but  a  clever 
design,  and  use  of  resonance  may  enhance  the  tip  de¬ 
flection  considerably,  as  is  clear  from  the  commercial 
application  of  bimorph  driven  cooling  fans  [24],  [31]. 

Network  models  of  piesoelectric  bimorphs  have 
been  proposed  by  Germano,[25],  but  these  models  do 
not  take  complete  account  of  the  effect  of  the  two 
US  GOVERNMENT  WORK  IS  NOT  PROTECTED 
BY  US  COPYRIGHT 


beams  on  each  other,  and  are  therefore  not  completely 
accurate.  Also,  if  more  than  one  kind  of  boundary 
condition  exists,  these  models  are  not  easily  adapted. 

In  a  previous  paper  [26]  the  constituent  equations 
of  piesoelectric  bimorphs  have  been  presented.  As 
these  devices  are  applied  in  industrial  equipment  as 
well  as  in  consumer  goods,  it  is  useful  to  cant  the  equa¬ 
tions  in  network  representation,  so  that  they  are  avail¬ 
able  to  electrical  engineers. 


2  The  bimorph  matrix  and  its  inverse 

In  the  following  text  a  bimorph  is  supposed  to 
be  connected  to  a  rigid  clamping  support  on  its  left 
side,  while  its  right  side  is  free.  The  bimorph  matrix 
B  relates  the  extensive  variables  M,F,p  and  V,  re¬ 
spectively  a  moment  at  the  end,  a  force  at  the  end,  a 
uniform  load  over  the  entire  bimorph  and  the  voltage 
over  the  electrodes,  to  the  intensive  variables  a,  6,  V, 
and  Q,  the  slope  and  the  deflection  at  the  end,  the  dis¬ 
placed  volume  and  the  charge  on  the  electrode.  The 
bimorph  has  a  length  L,  and  a  width  to,  the  thick¬ 
ness  of  the  individual  components  is  h.  In  [26]  it  has 
been  derived  that  the  relation  between  extensive  and 
intensive  parameters  can  be  written  as 
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It  should  be  noted  that  B  has  been  written  here 
as  the  matrix  for  an  antiparallel  or  inward  series  bi¬ 
morph.  For  a  parallel  bimorph  some  of  the  numeri¬ 
cal  coefficients  change:  the  purely  elastic  terms  remain 
identical,  the  piesoelectric  terms  are  doubled,  and  the 
dielectric  term  is  multiplied  by  four.  So  the  bimorph 
matrix  for  that  case  can  be  found  by  multiplying  cor- 


309 


responding  coefficients  by  the  following  numbers: 


(2) 


The  determinant  of  Y  is  positive  definite,  because 
the  total  amount  of  energy  stored  in  the  bimorph  is 

V  =  \t*-F  (9) 

or  using  (3)  and  the  symmetry  of  B : 


In  the  bimorph  matrix  equation  we  define  the  vec¬ 
tor  which  contains  the  external  parameters  M,  F,  p,  V 
as  the  generalized  force  vector  T  and  the  vector  which 
contains  the  device  responses  as  the  generalised  dis¬ 
placement  vector  D. 

Equation  (1)  can  now  be  written  os  : 

V  =  B  T  (3) 

The  generalised  force  and  deflection  vectors  can  be 
redefined  as  the  generalised  current  and  voltage  vector 
X  and  V,  where 


olL 

6 

V/wL 
Qk 

in  which  k  —  4»flLh/2d3iwh,  and  n  is  an  arbitrary 
dimensionless  number  that  can  be  set  to  unity,  that 
is  carried  along  to  indicate  that  where  it  occurs,  there 
is  a  piesoelectric  term,  and  where  it  occurs  squared, 
there  is  a  dielectric  term.  With  the  further  definition 
of  6  =  »fi  Ls/w(2h.)3,  we  obtain: 

(  aL  \  /  M/L\ 

<5) 

in  which  the  normalized  admittance  matrix  Y  is: 


and  V  = 


(4) 


U  =  if*  ■  B  T.  (10) 

This  amount  cannot  be  negative,  therefore  the  de¬ 
terminant  is  always  positive  (  although  it  can  be  zero 
in  limiting  cases)  [27]. 

This  implies  that  a  >  3  or  <  1.  The  inverse  of 
Y  is  Z: 


/  s«-s 

/  iTS^s] 

-3 

5 

-3 

16 

-30 
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-30 

60 

0 

0 

where  Y 

■  Z  =  1  and 

nu 

=  1. 

0 
a* 

iprrjj, 


(11) 


The  occurence  of  zeros  in  the  (2,4),  (3,4),  (4,2) 
and  (4,3)  positions  deserves  a  comment.  At  first  it 
seems  unlikely  that  these  zeros  can  occur  in  the  in¬ 
verse  matrix,  os  they  relate  the  deflection  to  a  force 
and  the  displaced  volume  to  a  load  on  the  bimorph. 
Let  us  consider  the  sero  in  the  (4,2)  position.  In  it¬ 
self  this  sero  relates  a  voltage  V  to  the  deflection  6 
that  is  its  cause.  Given  that  we  have  calculated  the 
relation  between  the  force  and  the  charge  in  equation 
(1),  and  that  this  relation  is  nonzero,  it  seems  impos¬ 
sible  that  the  coefficient  in  the  inverse  relation  would 
be  sero.  Here  we  have  to  remark  that  in  equation  (1) 
the  elements  in  the  right  side  vector  ore  all  indepen¬ 
dent.  The  elements  in  the  left  side  vector  are  partially 
interrelated.  The  slope  a  is  the  derivative  of  the  de¬ 
flection  6  and  the  displaced  volume  V  is  the  integral  of 
the  deflection  over  the  bimorph.  We  now  realise  that 
for  instance  the  equation  that  is  associated  with  the 
fourth  row  of  Z  is  to  be  read  os: 
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In  this  matrix  we  have  defined 


“Mr-)1-1  with  *!i  = 

•u€ss 


dl 


<L,t  >  *  -  'Si  .E  fT 

*31  •ii'jr 


The  determinant  of  Y  is: 


det(Y) 


=  =  <d*t  Z)-‘ 


<«)  V/k  =  (  *  a+0<+0V/»I+  **  Qk)/b  (12) 

Equation  (12)  tells  us  that  if  a  certain  deflection 
6  is  applied  and  on  associated  volume  displacement  V, 
but  there  is  no  slope  a  at  the  tip,  that  then  the  volt¬ 
age  at  the  electrodes  is  sero.  But  we  know  that:  in  a 
(7)  case  as  this  the  top  element  undergoes  the  same  elon¬ 
gation  as  the  bottom  element  and  consequently  there 
is  no  voltage  difference  between  the  top  and  bottom 
electrodes. 

Alternatively  the  sero  in  the  (2,4)  position  teaches 
(»)  us  that  there  cannot  exist  a  force  on  the  device  that 
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generates  a  voltage,  while  at  the  same  time  the  slope, 
deflection  and  displaced  volume  are  sero.  We  had  not 
expected  otherwise. 


matrix  is  the  modal  matrix  M\,  with  which  we  can 
transform  the  generalised  current  and  voltage  vectors 
I  and  V  so  that  their  transforms  are: 


S  The  Eigenvalues  and  Modal  Matrix  of 
the  Bimorph  Matrix 

The  matrix  Y  can  be  diagonalised  to  Yd  by  a 
transformation  matrix  M4.  The  transformation  is  as 
follows: 

Yd  =  M*d  Y  Md  (12) 

where  the  superscript  t  denotes  transposition  and  in 
which 


V'  =  M\  •  V  and  X'  =  M\  ■  X  (18) 

The  reverse  transformations  are: 

V  =  Mi1V'  and  1  =  Af"1  f'  (19) 

Using  the  defining  equation  (4)  and  (5)  of  X,  V  and 
y,  we  can  write  the  energy  contained  in  the  bimorph 
using  (9)  and  (10)  as: 


(12  0 
0  1 
0  0 
0  0 


and 


0  0 

0  0 

1/60  0 

0  4(o  —  3)nJ 


Md  = 


-1/2  +1/12  +n\ 

1  -1/2  0  j 

0  1  0  I 

0  0  1  / 


while 


1/2  1/6  — n\ 
1  +1/2  0 

0  1  0  I 

0  0  1  / 


(13) 


(14a) 


(146) 


Alternatively  the  matrix  Y  can  be  diagonalised  to 
a  matrix  which  has  eigenvalues  along  its  main  diago¬ 
nal.  The  numerical  values  of  the  eigenvalues  are  the 
solutions  of  the  equation: 


(F  -  A/)  =  0  or  det(y  -  A/)  =  0.  (15) 

These  eigenvalues  are  difficult  to  compute  in  gen¬ 
eral,  because  they  are  the  solutions  of  a  fourth  order 
equation,  of  which  the  coefficients  depend  on  the  pieso- 
electric  term  a.  In  the  extreme  case  that  the  material 
is  either  not  piesoelectric  at  all,  or  has  a  piesoelectric 
coupling  factor  kn  =  1,  the  resulting  matrices  Y  and 
Z  become  somewhat  simpler  and  it  is  possible  to  find 
the  eigenvalues. 

Once  the  eigenvalues  have  been  found,  the  corre¬ 
sponding  eigenstates  X\  are  easy  to  find,  namely  by 
substituting  these  eigenvalues  one  by  one  in  the  ma¬ 
trix  y  —  A<7  and  developing  the  determinants  of  the 
minors  of  the  (arbitrarily  chosen)  first  row  [28].  The 
arrangement  of  the  four  eigenstates  in  a  four  by  four 


u  =  \i'v  (20) 

or  with  (5)  and  using  the  symmetry  of  Y : 

u  =  ihy*  •  y  •  v  (21) 

We  now  use  (19)  to  rewrite  V  as  M^1  •  V 

U  =  \b  VnM^uYM{V'  (22) 

it 

When  the  eigenvectors  X\  are  normalised,  the  modal 
matrix  becomes  a  unitary  matrix,  of  which  the  inverse 
is  the  reciprocal,  so  that  (22)  reduces  to  : 

U  =  \bVnMxYMlV'  (23) 

it 

This  can  be  rewritten  as 

U  =  -6y'*(MJ[y‘  MxfV'  (24) 

i 

u  =  lbV'*YlV'  =  hvnYxV'  (25) 

•  it 

In  this  expression  Y\  is  a  diagonal  matrix  with  the 
eigenvalues  at  its  diagonal  and  the  matrix  multiplica¬ 
tion  can  be  carried  out  quite  easily  to  give: 

U  =  ih(Ax  V/*  +  A2V,'J  +  AaV,'*  +  A<  V4'*)  (26) 

From  this  expression  the  meaning  of  the  eigenval¬ 
ues  and  the  corresponding  eigenstates  becomes  appar¬ 
ent.  If  we  normalise  the  energy  in  the  bimorph  to  be 
equal  to  1  joule,  or  U=l,  then  (26)  is  the  expression  of 
an  ellipsoid  in  a  four  dimensional  space.  The  lengths  of 
the  semimajor  axes  are  (except  for  the  factor  6/2)  the 
reciprocals  of  the  coefficients  of  the  V*.  This  implies 
that  a  small  value  of  A  corresponds  with  a  large  value  of 
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the  semimajor  axis  in  the  direction  X\  associated  with 
that  particular  eigenvalue.  So  in  this  direction  a  large 
generalized  voltage  has  to  be  exerted  in  order  to  get 
1  joule  into  the  bimorph.  On  the  other  hand,  a  large 
value  of  A  implies  a  short  semimajor  axis  and  a  small 
generalized  voltage  required  to  store  1  joule  into  the 
bimorph.  Apparently,  in  the  four  dimensional  space 
spanned  up  by  the  modified  moments,  forces,  uniform 
loads  and  voltages  which  make  up  the  generalized  volt¬ 
age  vector,  there  are  "soft”  and  "hard”  directions,  in 
which  it  is  respectively  easy  and  difficult  to  introduce 
1  joule. 


3.1  Nonpieaoelectric  Limit 


In  particular  when  the  material  is  nonpiezoelec¬ 
tric,  or  &31  =  0,  a  =  oo  the  matrix  becomes  simpler  to 
manipulate  because  the  entire  fourth  row  and  column 
of  Z  become  zero,  while  zu  =  |.  We  rewrite  (11)  as 


^(*31  =  0)  = 


-3  5  0\ 

16  -30  0  j 

-30  60  0  I 

0  0  0/ 


(27) 


As  the  product  of  the  eigenvalues  is  equal  to  the 
determinant^  See  e.g.  [29]  )  and  the  determinant  of 
(27)  is  zero  because  one  entire  row  or  column  is  zero, 
we  see  immediately  that  at  least  one  of  the  eigenvalues 
Ai  must  be  zero. 

The  other  eigenvalues  are  found  to  be  as:  Aj  = 
75.654,  Aj  =  1.032,  A4  =  0.064.  The  eigenstates  corre¬ 
sponding  to  these  eigenvalues  are  found  as  the  columns 
of  the  ac(joint  matrix.  [28,p63]  We  then  find  the  modal 
matrix  M\  as  follows: 


Mx  = 


-1 

-1 

5.82 

1.54 

-11.48 

0.87 

0 

0 

(28) 


3.2  Strong  Piesoelectric  Limit 

The  maximum  value  a  piezoelectric  coupling  fac¬ 
tor  can  have  is  unity.  [27]  In  that  case  ksi  =  1,  or 
a  =  3.  When  we  substitute  this  value  in  Z  the  (1,1), 
(1,4),  (4,1)  and  (4,4)  elements  become  infinite,  and 
therefore  we  use  the  Y  matrix,  which  becomes: 


An  observation  of  this  matrix  reveals  that  the  first 
row  and  the  fourth  row  only  differ  by  a  minus  sign,  so 
the  derminant  and  therefore  at  least  one  of  the  eigen¬ 
values  must  be  zero.  Call  that  Ai.  A  further  obser¬ 
vation  shows  that  the  associated  eigenstate  must  be 
Xi  =  (1,0, 0,1).  The  component  values  in  this  eigen¬ 
state  imply  that  when  total  coupling  exists  between 
mechanical  and  electrical  domains,  energy  introduced 
electrically  into  the  bimorph,  can  be  totally  removed 
mechanically,  and  vice  versa.  If  Xi  is  applied  to  the 
bimorph,  the  moment  M  introduces  rotation  at  the 
tip  of  the  bender  and  a  charge  at  the  electrodes,  while 
the  voltage  V  completely  cancels  both  the  charge  and 
the  rotation.  This  is  an  interesting  situation:  the  bi¬ 
morph  can  be  under  tremendous  mechanical  and  elec¬ 
trical  stress,  but  it  is  still  completely  straight,  and 
when  the  moment  and  voltage  of  ATi  are  removed  in¬ 
stantaneously  and  simultaneously,  the  beam  will  not 
snap  or  vibrate,  but  just  remain  still. 

The  other  eigenvalues  are  found  to  be:Aj  =  27.5, 
A*  =  1.0975,  A4  =  0.01319 


The  modal  matrix  N\  is  constructed  as: 

/I 

-8665 

2.0262 

2.69  x  10"4 

1  0 

-4521 

-6.5685 

68.74  x  lO'4 

Nx=  0 

-1540 

-3.5065 

-135.57  x  10" 

Vi 

8657 

-2.0279 

14.47  x  10-4 

(30) 

It  can  be  observed  from  this  modal  matrix  that 
the  most  effective  way  to  get  energy  into  and  out  of  the 
bimorph  is  to  apply  a  moment  and  a  voltage  together. 
The  effects  of  forces  and  moments  are  less  strong  in 
conjunction  with  a  voltage  than  that  of  the  moment. 
The  effectiveness  of  coupling  through  a  moment,  force 
or  voltage  is  the  subject  of  a  later  paper. 

4  Simulation  Networks 

For  the  purpose  of  creating  simulation  networks, 
it  is  advantageous  to  use  a  diagonal  matrix  Yd  as  in 
(13)  where  the  diagonal  values  are  not  the  eigenvalues, 
and  the  transformation  matrix  is  not  the  modal  matrix. 
Here  it  is  useful  to  reduce  the  number  of  elements  in 
the3  transformation  matrix  as  much  as  possible.  This 
is  accomplished  by  using  elementary  operations  [30],  of 
a  triangular  form.  The  zeros  in  this  matrix  do  not  show 
up  in  the  networks  as  network  elements,  and  hence 
make  the  networks  simpler. 

The  voltage  and  current  transformations  leading 
to  Yd  =  Mj'YMd  are  f  =  M^ll>  and  V  =  M4V'. 

There  are  actually  two  realisations  leading  to  the 
same  transformation;  these  are  sketched  in  Figure  1. 

A  few  remarks  are  in  order  here.  The  “current  ” 
variables  of  course  should  have  a  factor  of  (ju>)  stuck 
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on  to  convert  Q  to  Q  — »  /  and  displacements  to  veloc¬ 
ity.  We  then  remark  that  the  diagonal  Yu  values  are 
capacitors  (  Y*u,  Yd ss  are  mechanical,  Ym  elec¬ 

trical  capacitors).  The  value  mm  =  n  indicates  that 
this  is  a  piesoelectric  transformer  coil,  or  perhaps  more 
properly  this  coil  should  be  —  at  least  for  the  concep¬ 
tual  purposes  for  the  electrical  engineer  —  broken  into 
two  transformers  as  in  Figure  2. 

The  transformers  represented  here  are  multi¬ 
winding,  common  core  type  obeying  visual  rules  — • 
volts  per  turn  are  general  equal  for  each  coil  on  a  given 
core,  and  •  ampere  turns  sum  to  sero  for  each  core. 

It  may  seem  that  the  networks  are  a  bit  complex, 
but  not  overly  so;  if  sensors  and  actuators  are  to  be 
fully  and  rapidly  incorporated  into  the  world  of  elec¬ 
tronics,  they  must  be  represented  by  networks.  Cne 
cannot  dispute  that  the  equations  of  physics  will  give 
the  same  answer  as  the  circuits;  as  Electrical  Engi¬ 
neers  are  more  comfortable  with  the  latter,  however, 
and  the  networks  can  moreover  be  directly  embedded 
into  simulation  programs,  it  is  useful  to  have  a  network 
representation  of  the  bimorph.  Furthermore,  when  the 
number  of  variables  is  reduced,  as  will  often  occur  in 
practice,  the  effect  is  rapidly  and  easily  deduced  from 
the  networks  simply  by  realising  what  happens  to  a 
transformer  when  a  coil  is  shorted  or  opened.  For  ex¬ 
ample,  consider  network  of  Figure  la,  when  the  elec¬ 
trical  voltage  with  F  and  p  set  equal  to  sero;  then 
Vj  =  Vi  =  0  and  ports  (2)  and  (3)  are  short-  circuited. 

The  network  of  Figure  3  is  seen  immediately  to 
simplify  to  the  network  of  Figure  4  because  the  short 
circuit  at  port  (3)  appears  directly  across  the  winding 
on  the  third  core  and  produces  short  circuits  on  the 
other  coils  of  the  core.  This  uncouples  port  (3)  from 
port  (2)  and,  with  the  short  circuit  at  port  (2),  pro¬ 
duces  a  short  circuit  on  one  of  the  coils  of  the  second 
core,  which  results  in  short  circuits  on  its  remaining 
coils,  and  leads  to  the  simplified  network  of  Figure  5. 
The  same  result  would,  of  course,  be  obtained  (with 
a  different  topology)  by  starting  with  the  network  on 
the  right  side. 

Each  of  the  four  ports  of  a  four  port  network  as 
in  Figure  3  can  be 

a  an  input-output  port; 
b  a  hidden  short  circuit  port;  or 
c  a  hidden  open  circuit  port,  giving  34  =  81  possible 
networks  for  each  realisation;  obviously  some  of 
these  are  more  useful  than  others! 

If  sfj  and/or  d3l  are  lossy  (  for  example  in  the 
case  we  are  dealing  with  acoustic  viscosity),  then  Ym 
are  complex  elements  represented  by  a  capacitor  and 
a  resistor. 

The  above  has  considered  the  two  realisations  of 


Y .  In  like  manner  Z  may  also  be  realised  in  two  forms. 
These  are  treated  below.  The  Z  matrix  is  given  in  (11) 
and  (27).  It  is  diagonalised  to 
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by  the  congruence  transformation 
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The  voltage  and  current  transformations  leading 
to  Z'  =  ClZC  are  again  of  two  types,  each  with  its 
distinct  network.  They  are: 

V'=C-1V;i’  =  C-1X  (35) 


giving  a  realisation  like  the  of  Figure  la  with  series 
connected  coils  on  the  diagonalised  side. 

For  the  Z  cases,  the  networks  are  a  bit  more  com¬ 
plicated  because  of  the  absence  of  off-diagonal  seros  on 
the  upper-side  of  C,  as  occured  with  the  Yj  matrix  the 
networks  take  the  form  of  Figure  6 

As  with  the  admittance  forms,  one  has  the  simpli¬ 
fications  that  follow  from  imposition  of  short  circuits 
and  open  circuits  to  the  various  ports. 

CONCLUSION  AND  SUMMARY 

The  networks  associated  with  the  bimorph  matrix 
have  been  presented.  The  bimorph  matrix  has  been  di¬ 
agonalised,  and  eigenvalues  and  eigenstates  have  been 
found  for  the  extremes  of  nonpiesoelectric  and  strong 
piesoelectric  coupling.  A  physical  interpretation  of  the 
eigenvalues  and  eigenstates  has  been  proposed.  The  bi¬ 
morph  matrix  has  also  been  diagonalised  by  means  of 
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elementary  operation  matrices,  which  gave  the  matrix 
in  equivalent  form.  The  transformation  matrices  are 
of  upper  triangular  form.  This  choice  of  transforma¬ 
tion  yields  networks  of  the  simplest  possible  connection 
schemes.  It  has  been  shown  that  in  case  of  less  than 
all  possible  boundary  conditions  applied,  the  networks 
are  easily  simplified.  The  networks  of  the  admittance 
and  impedance  matrix  are  presented. 
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FORTY- FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


NARROWBAND  SAW  FILTERS  FOR  IF  APPLICATIONS 

B.  Horine 

Sawtek,  Inc.  PO  Box  609501 ,  Orlando,  FL  32860-9501 


ABSTRACT 

Surface  acoustic  wave  (SAW)  filters  offer  Q's  comparable  to 
crystal  filters  from  50  MHz  to  well  over  1  GHz.  Resonator 
fillers  using  in-line  coupling  are  the  most  familiar  SAW 
approach  to  narrowband  filtering.  On  the  other  hand,  the 
newer  waveguide  coupled  resonator  filter  offers  superior 
close-in  rejection.  For  the  same  filter  size,  the  RFW  achieves 
30  to  40  dB  of  close-in  rejection  while  the  RFI  achieves  10  to 
20  dB.  Since  both  approaches  exhibit  losses  of  only  3  to  6 
dB.  either  may  be  easily  cascaded  to  obtain  greater  rejection. 

For  narrowband  applications  where  linear  phase  or  phase 
tracking  is  important,  resonant  type  filters  may  not  meet 
performance  requirements  and  a  transversal  design  may  be 
needed.  In  normal  SAW  transversal  filter  design,  however, 
distortion  due  to  overcoupling  becomes  a  significant  design 
challenge  below  0.3%  fractional  bandwidth.  Reflective  array 
fitters  avoid  this  pitfall  and  result  in  a  shorter  device  with  little 
distortion  for  the  same  bandwidth  and  shapefactor. 

Because  of  the  wide  selection  of  narrowband  SAW 
techniques  now  available,  the  receiver  design  can  flow 
smoothly  from  system  requirements  to  choice  of  architecture 
and  filter  specifications.  This  paper  will  start  with  several 
different  typical  receiver  requirements,  point  out  the  critical 
factors,  and  develop  the  SAW  solution  for  each. 


INTRODUCTION 

Narrowband  (less  than  0.2%)  IF  filtering  in  the 
high  VHF  and  UHF  frequency  band  represents  a 
special  challenge  although  it  offers  many 
benefits.  Only  a  few  techniques  produce  high 
quality  responses  in  a  reasonable  packaging 
configuration.  Three  main  types  of  SAW  filters 
have  found  common  use  in  this  area:  the  in-line 
coupled  resonator  filter  (RFI),  the  waveguide 
coupled  resonator  filter  (RFW),  and  the  reflective 
array  filter  (RAF).  Several  tradeoffs  are  involved 
in  designing  and  selecting  a  particular  filter 
approach.  This  paper  will  review  the  general 
concerns  of  narrowband  SAW  filtering,  the 
specific  characteristics  of  each  approach,  and 
finally  study  the  application  of  these  filters  in 
particular  IF  subsystems. 


Frequency  accuracy  is  critical  in  narrowband 
filtering  applications.  For  SAW  devices,  the  most 
important  sources  of  frequency  error  are  the 
manufacturing  set  accuracy  and  the  temperature 
stability.  Aging  is  aiso  important  but  is  nearly  an 
order  of  magnitude  smaller.  The  total  required 
frequency  tolerance  is  added  to  the  information 
bandwidth  in  order  to  determine  the  passband 
width  required  of  tho  Mter.  The  tolerance 
requirement  is  also  subtracted  from  the  specified 
rejection  bandwidths,  thereby  narrowing  the 
actual  filter  rejection  skirts.  The  tolerances 
required,  therefore,  for  narrowband  filters  can 
have  a  dramatic  effect  on  the  shape  factor  of  the 
filter.  Also,  the  rejection  floor  tends  to  degrade  at 
the  wider  bandwidths  needed  to  cover  the 
tolerances.  For  these  reasons,  it  is  important  to 
maintain  a  high  degree  of  control  over  the 
sources  of  error  and  minimize  the  frequency 
tolerance  required. 

The  manufacturing  set  accuracy  can  range  from 
+/-  30  ppm  to  +/-  200  ppm.  The  narrower  range 
is  used  for  low  frequency  applications  where  it  is 
more  effective  to  deal  with  a  tight  set  accuracy 
rather  than  be  driven  to  a  lower  shape  factor  and 
higher  order  filter.  The  wide  end  of  the  range  is 
typically  used  for  the  narrowest  band  signals 
(BW3  <  300  ppm)  where  the  rejection  bandwidth 
is  not  critical.  Most  filters  are  designed  assuming 
a  +/-  75  ppm  tolerance  for  manufacturing  set 
accuracy. 


ST  cut  quartz  is  the  most  commonly  used 
substrate  for  narrowband  filters,  although  other 
singly  rotated  cuts,  particularly  those  with  lower 
coupling  coefficients,  are  of  interest  [1,2].  The 
complexities  of  beam  steering,  especially  over  a 
large  temperature  range  has  slowed  the  use  of 
these  other  cuts.  ST  quartz  exhibits  a  parabolic 
frequency  versus  temperature  curve,  and  by 
varying  the  cut  angle  and  metal  thickness  slightly, 
the  turnover  temperature  can  easily  be  set  within 
+/-  10°C.  Assuming  a  conservative  second  order 
coefficient,  this  leads  to  the  required  tolerances 
listed  in  Table  f. 
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Range 

0°C  to  60°C 
-20°C  to  75°C 
-54°C  to  85°C 


Frequency  Drift 

-55  ppm 
-1 13  ppm 
-220  ppm 


Table  l 


In  order  to  develop  an  appreciation  for  the 
significance  of  these  frequency  tolerances  in 
SAW  devices,  Figure  1  details  an  example 
design.  Note  that  the  addition  of  the  individual 
tolerances  is  done  by  adding  the  peak  to  peak 
value  of  each  component. 


Example: 

Set  accuracy  =  ±75  ppm 

Temperature  stability  =-113  ppm 
Lifetime  aging  =  +  ..2.Q_P£>.m 

Total  required  tolerance  =  3C3  ppm 


Information  BW  =  400  ppm 

Rejection  BW  =  2000  ppm 

Shape  Factor  =  5:1 

(w/o  tolerances) 

Filter  BW  =  400  +  303  =  703  ppm 

Rej.  BW  =  2000  -  303  =  1 697  ppm 

Shape  Factor  =  2.4:1 

(w/  tolerances) 


Figure  1.  Impact  ot  Frequency  Tolerances 


As  this  example  shows,  the  addition  of  the 
required  tolerances  has  increased  the  number  of 
poles  needed  to  synthesize  the  filter  function. 

SAW  Resonator  Filters 

Multipole  resonator  filters  are  the  workhorse  of 
narrowband  filtering  in  SAW !  technology.  Their 
center  frequencies  range  from  50  MHz  to  over 
1250  MHz.  At  50  MHz  the  package  required  is  2 
inches  long.  At  1250  MHz  the  line  size  is  about 
0.6  pm.  Physical  size  and  lithography  capabilities 
therefore  set  the  soft  limits  on  the  frequency 
range. 

Bandwidth  is  limited  on  the  low  side  to 
approximately  0.02%  by  the  finite  Q  of  the 
individual  resonant  cavities  and  by  the  required 


frequency  tolerances.  On  the  ot.ier  end,  0  2% 
bandwidth  is  achievable.  Wider  bandwidths 
usually  do  not  meet  rejection  requirements 

Insertion  loss  is  sensitive  to  the  center  frequency 
and  the  number  of  poles.  It  ranges  from  2  dB  to  7 
dB  for  most  applications.  Because  this  loss  is 
usually  easily  handled  in  IF  applications, 
cascading  filters  is  an  effective  technique  to 
increase  the  rejection.  The  filters  are  simply 
coupled  resonant  cavities  and  they  exhibit  the 
familiar  Butterworth  or  Chebychev  characteristics. 
The  rejection  floor  is  highly  dependent  upon  the 
coupling  mechanism  between  poles  of  the  filter. 
These  mechanisms  are  the  basis  for  the  following 
two  resonator  filter  classifications. 

In-Line  Coupling 

In-line  coupling,  diag.amed  in  Figure  2,  is  the 
most  established  monolithic  coupling  technique 
for  SAW  resonator  filters  [3],  In  this  design,  the 
outside  acoustic  reflecto.  arrays  t  ap  the  energy 
within  the  device  ensuring  a  low  loss  and  high  Q 
response.  A  center  reflector  splits  the  device  into 
two  separate  resonant  cavities  (or  poles)  and 
controls  the  degree  of  coupling.  The  interdigital 
transducers  convert  the  energy  from  electrical  tc 
acoustical  and  vice-versa.  This  configuration 
results  in  a  monolithic  2  pole  building  block. 
Higher  order  filters  are  normally  implemented  by 
cascading  these  2  pole  sections  using  the 
transducers  and  a  matching  inductor  (often 
referred  to  as  transducer  coupling)  [3j. 


Distributed  Reflector  Arrays 

U 

C=>  Coupling  1=0 


iiiiiiiiiiiill  ilium  M  iiiiiiiiiiii 

Pole  1  Polo  2 

<=)  WlTf 

Propagation  . 

Transducers  convert 
L  electrical  -* 
to  acoustical  energy 


Figure  2.  Inline  Coupled  Resonator  Filter 


The  reflectors  in  the  arrays  are  distribu.ed 
uniformly  on  half-wc  elength  centers  and  are 
des  nned  to  trap  the  energy  over  a  very  narrow 
bandwidth.  Beyond  their  finite  bandwidth,  the 
reflectors  become  essentially  transparent  so  that 
the  filter  response  is  given  simply  by  the 
transmission  from  one  transducer  to  the  Ciher  in  a 
simple  delay  line  confi''  ration.  This  results  in  a 
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broad  (sin  x  /  x)^  response,  as  shown  in  Figure  3, 
with  a  resonance  peak  at  the  center  where  the 
reflectors  trap  the  energy  launched  by  the 
transducers.  If  one  is  interested  in  high  selectivity, 
one  would  cascade  the  2  pole  sections  to  achieve 
better  than  the  18  -  20  dB  near-in  rejection 
shown.  On  the  other  hand,  where  absolute 
rejection  more  distant  from  the  frequency  of 
operation  is  most  important  as  in  some 
synthesizer  applications,  these  filters  provide  low 
loss  with  outstanding  rejection  floors. 


1  00/  REF  ~2  347  dB 
10  00/  REF  -2.660  d0 


Figure  3.  Inline  Coupled  Frequency  Response 


In  general,  the  RFI  approach  achieves  45  dB  to 
55  dB  of  ultimate  rejection  with  10  dB  to  18  dB  of 
near-in  rejection  per  2  pole  section.  The  near-in 
rejection  degrades  with  increasing  bandwidth 
resulting  in  a  maximum  practical  bandwidth  of 
0.20%  for  most  applications. 

Waveguide  Coupling 

Waveguide  coupling  alleviates  the  near-in 
rejection  limitation  by  coupling  the  energy 
transversely  to  the  normal  traveling  wave 
direction  [4,5].  The  topology  of  the  design  is 
illustrated  in  Figure  4.  In  this  case,  a  waveguide 
is  formed  by  embedding  a  single  cavity  resonator 
in  a  slow  wave  structure.  The  fundamental  mode 
profile  across  the  beamwidth  of  the  device  is 
cosinusoidal  within  the  guide  with  an  exponential 
evanescent  tail  immediately  outside  the  guide.  If 
an  identical  guide  is  placed  alongside  the  first 
one,  energy  may  be  transferred  from  pole  to  pole 
via  the  evanescent  tail.  The  amount  of 
intersection  of  each  evanescent  tail  determines 
the  coupling  and  therefore  the  bandwidth  of  the 
resulting  filter. 


Wave  Draoaoation 


po*e  2 


Figurft  4.  Waveguide  Coupled  Resonator  Filter 

When  the  reflectors  become  transparent  in  this 
design,  outside  the  narrow  stopband,  the 
evanescent  tail  is  no  longer  supported  resulting  in 
zero  coupling,  and  the  wave  simply  propagates  to 
the  end  of  the  crystal  and  is  absorbed  or 
dispersed.  Since  there  is  no  longer  any  path  from 
input  to  output,  the  near-in  rejection  is  excellent. 
In  practice,  this  level  is  limited  by  spurious 
waveguide  modes  and  electromagnetic 
feedthrough.  The  response  of  this  type  of  filter  is 
plotted  in  Figure  5.  This  is  a  4  pole  filter 
implemented  monolithically  using  transducer 
coupling  without  a  coupling  inductor  ty  taking 
advantage  of  a  zero  susceptance  effect  of  a  long 
transducer  [6],  This  direct  cascading  is  typical  of 
RFWs  which  are  normally  designed  as  4  pole 
building  blocks  rather  than  the  2  pole  blocks  in 
the  RFI  case. 


CENTEP  411.743  700  MHZ  SPAN  10.000  000  MHZ 


Figure  5.  Waveguide  Coupled  Frequency  Response 


RFWs  exhibit  40  dB  to  50  dB  of  rejection  with  a 
few  narrowband  spurs  as  high  as  30  dB  to  40  dB. 
Because  of  crosstalk  concerns  and  material 
property  constraints,  the  bandwidth  is  currently 
limited  to  just  over  0.1%.  Extending  the 
bandwidth  range  in  order  to  cover  broader 
applications  is  the  subject  of  current  research. 
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REFLECTIVE  TRANSVERSAL  FILTERS 

In  some  applications,  linear  phase  over  the 
bandwidth  and  a  reasonably  steep  shape  factor 
are  required.  In  this  case,  resonator  type  filters 
may  not  meet  the  objectives  and  a  transversal 
design  must  be  used.  The  problem  with 
narrowband  transversal  filters  is  illustrated  by 
consulting  Figure  6a.  The  transducers  are  very 
long  and  are  comprised  of  many  electrodes,  even 
in  harmonic  designs.  The  passband  distortion 
largely  attributable  to  overcoupling  is  worsened 
by  the  reflections  and  energy  scattering  from  the 
large  number  of  electrodes. 

One  way  to  avoid  the  overcoupling  is  by 
separating  the  frequency  selection  and  energy 
transduction  process  as  indicated  in  Figure  6b  [7], 
In  this  configuration,  denoted  as  a  reflective  array 
filter  (RAF),  the  launching  and  receiving 
transducers  have  relatively  few  fingers 
eliminating  the  overcoupling  in  the  transduction. 
The  reflective  array  performs  the  principle 
frequency  selection. 


Figure  6a.  Traditional  SAW  Transversal  Filter  Design 

g  m\ 
n  ////// 

Figure  6b.  Reflective  Array  SAW  Transversal  Filter  Design 


The  transversal  design,  using  reflector  arrays  for 
frequency  selection,  exhibits  linear  phase 
characteristics.  Shape  factors  similar  to 
traditional  SAW  transversal  filters  are  readily 
achieved,  although  it  is  important  to  realize  that 
both  the  bandwidth  and  the  shape  factor  are  a 
function  of  the  length  of  the  device,  and  a  steep 
and  narrow  filter  can  be  unrealistically  long. 

Because  of  the  second  order  tradeoffs  associated 
with  designing  a  pair  of  low  loss  90°  reflector 
arrays,  the  RAF  is  normally  designed  with  an 
insertion  loss  of  18  dB  to  26  dB. 


APPLICATIONS 

IF  applications  may  require  a  steep  shape  factor 
for  channel  selectivity,  high  rejection,  minimum 
flyback,  or  a  flat  passband.  In  some  applications 
linear  phase  and  low  VSWR  may  be  required. 
The  choice  of  filter  element  will  be  dependent 
upon  these  specific  requirements.  A  few 
examples  will  clarify  this. 

ANTI-JAM  MODEM 

An  anti-jam  modem  is  intended  to  accept  a 
modulated  signal  from  a  radio  and  demodulate 
and  decode  the  information  in  the  presence  of 
jammers.  An  example  is  a  Qualcomm  modem 
that  accepts  a  frequency  hopped  signal  centered 
at  70  MHz.  The  information  bandwidth  is  hopped 
over  a  40  MHz  bandwidth.  In  this  application, 
good  power  linearity  is  important  in  order  to 
reduce  jamming  effects.  The  noise  figure  is 
dominated  by  the  radio  so  the  insertion  loss  of  the 
filter  is  not  critical.  Since  the  signal  is  M'ary  FSK 
modulated,  a  flat  frequency  response  is  desired. 

Figure  7  is  a  simplified  block  diagram  of  the  IF 
section.  Up  conversion  is  the  obvious  choice  in 
view  of  the  large  bandwidth.  Since  IMD  is  a 
concern,  it  is  important  to  eliminate  any 
extraneous  tones  as  early  in  the  chain  as 
possible.  A  high  resolution  synthesizer  is  used  as 
the  first  LO  and  a  narrowband  filter  is  used  in  the 
first  IF.  By  setting  the  first  IF  at  289.368  MHz,  a 
convenient  300  MHz  fixed  second  LO  can  be 
used  to  convert  the  signal  to  approximately  10.6 
MHz  where  very  inexpensive  filters  and  other 
components  are  available.  At  this  point  the  signal 
is  demodulated. 

Clearly,  the  high  frequency  of  operation,  narrow 
bandwidth,  and  good  IMD  rejection  suggest  a 
SAW  filter.  An  RFW  was  designed  with  ±77  kHz 
1  dB  bandwidth.  The  specified  20  dB  bandwidth 
of  ±215  kHz  sets  the  noise  bandwidth  of  the 
system  while  the  45  dB  bandwidth  of  1  MHz  sets 
the  jamming  bandwidth  of  the  modem. 


Figure  7.  AntiJam  Modem  IF  Section  (Qualcomm) 
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Figure  8  is  a  response  plot  of  the  filter  showing 
both  the  narrowband  and  wideband  response. 
Note  that  the  narrowband  spurious  responses  on 
the  low  side  are  located  just  inside  the  jamming 
bandwidth.  The  insertion  loss  and  riople  are  4.5 
dB  and  0.25  dB  respectively. 


1  06/  REF  -4  474  a0  1.  -4  4499 

10  aB/  REF  -4  47B  aB  1.  -4  4S26  79 


Figure  8.  RFW  4  Pole  for  A-J  Modem  IF 


SATELLITE  TRANSPONDER 

Satellite  transponders  have  special  requirements 
that  are  not  always  as  critical  in  other  applica¬ 
tions.  For  example,  ruggedness,  reliability,  small 
size,  and  low  weight  often  rank  at  the  top  of  the 
requirements  list.  In  addition,  loss  is  important  to 
the  extent  of  avoiding  being  downlink  limited. 
Finally,  the  interference  needing  rejection  is 
dominated  by  the  many  other  signals  used  in  the 
satellite. 

The  Data  Collection  Platform  (DCP)  of  the  GOES 
satellite  built  by  Ford  Aerospace  Company  for 
NASA  includes  both  interrogate  and  reply 
transponders  that  communicate  between  a 
control  station  and  hundreds  of  remote  stations 
scattered  throughout  the  footprint  of  the  satellite. 
In  order  to  transmit  the  data  efficiently,  it  is 
frequency  and  time  multiplexed. 

Figures  9  and  10  illustrate  the  simplified  block 
diagrams  of  the  interrogate  (DCPI)  and  reply 
(DCPR)  channel  respectively.  In  both  channels, 
two  filters  are  cascaded  in  order  to  meet  the 
ultimate  rejection  requirements.  The  DCPI  filter  is 
used  primarily  to  reject  other  incoming  signals 
that  are  used  elsewhere  in  the  communications 


subsystem.  On  the  other  hand,  the  DCPR  filter  is 
more  concerned  with  eliminating  unwanted 
signals  coming  from  the  ground  and  especially 
reducing  the  out-of-band  noise.  Both  filters 
operate  in  the  400  MHz  range  with  narrow 
bandwidth,  must  survive  a  1500  G  mechanical 
shock,  and  be  small  in  size  and  weight.  These 
requirements  suggest  a  SAW  resonator  filter. 


teas  7  w: ' 
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Figure  9.  GOES  DCPI  Transponder  (Ford  Aerospace) 


DCPR 

The  DCPR  channel  is  specified  with  a  400  kHz 
bandwidth  at  1.4  dB.  Once  the  appropriate 
frequency  tolerances  have  been  added,  the 
passband  width  is  too  large  to  be  implemented 
using  RFW  technology.  Instead,  a  12  pole  RFI  is 
used  to  achieve  60  dB  of  near-in  rejection.  These 
are  delivered  as  a  pair  of  6  pole  devices  so  that 
amplifiers  may  be  placed  in  between  them.  The 
noise  bandwidth  is  specified  at  500  kHz.  The 
VSWR  over  the  3  dB  bandwidth  is  important  so 
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that  the  integration  of  the  satellite  can  proceed 
smoothly  and  at  a  low  risk.  This  is  specified  at 
1.92:1  which  will  require  some  resistive  padding 
inside  the  device.  Finally,  because  the  signal  is 
actually  a  composite,  frequency  multiplexed 
signal,  no  sharp  transitions  can  be  tolerated  since 
they  can  affect  a  single  channel  significantly. 
This  requirement  leads  to  a  passband  slope 
specification  of  0.1  dB  /  kHz.  The  response  of  a  6 
pole  unit  is  plotted  in  Figure  11.  The  insertion 
loss  of  nearly  17  dB  resulted  in  a  VSWR  of  1.3  :  1 
maximum  across  the  3  dB  bandwidth.  This 
bandwidth  is  495  kHz  wide. 


CHI  CENTER  401.900  000  MHz  SPAN  25.000  000  Mil 

CH2  CENTER  401.900  000  MHz  SPAN  750  000  mw2 


Figure  11.  RFI  6  pole  for  DCPR  Channel 


DCPI 

The  DCPI  channel  is  specified  at  only  180  kHz 
bandwidth  at  1.2  dB.  This  is  narrow  enough  for 
an  RFW  approach.  In  this  case  8  poles  are 
required  to  achieve  the  60  dB  near-in  rejection 
specification.  The  filters  are  delivered  as 
separate  4  pole  devices  so  that  amplifiers  may  be 
used  in  between.  The  specifications  are  similar  to 
those  for  the  DCPR  filter,  scaled  accordingly  for 
the  narrower  bandwidth.  The  response  of  a 
single  4  pole  device  is  plotted  in  Figure  12. 


CHS  CENTER  46B  Q22  QBE  MHz  SR&N  E"  ::: 

Figure  12.  RFW  4  pole  for  DCPI  Channel 


DIRECTION  FINDING 

Direction  finding  is  required  in  electronic  warfare 
applications  and  navigation  and  landing  system 
applications.  The  principle  is  to  measure  relative 
phase  from  multiple  sources  (antennas).  It  is 
obviously  important  to  have  linear  phase,  and  in 
some  applications,  phase  tracking  over 
temperature  is  required.  Normally  a  calibration 
signal  is  used  to  effectively  zero  any  overall 
phase  offset  at  any  given  temperature. 

Since  linear  phase  is  a  major  issue,  a  RAF  type 
filter  is  normally  used.  The  IF  processing  should 
be  done  below  600  MHz  (about  1/2  the  frequency 
limit  of  resonators)  because  of  fabrication 
limitations. 

Although  the  specific  program  with  its  particular 
system  design  cannot  be  given,  a  filter  has  been 
designed  and  modeled  that  is  representative  of 
typical  designs  for  this  application.  Figures  13 
and  14  illustrate  the  amplitude  and  phase 
response  of  a  400  MHz  filter  with  a  3  dB 
bandwidth  of  500  kHz.  The  35  dB  bandwidth  is 
1.0  MHz  and  the  near  in  rejection  is 
approximately  38  dB  with  the  ultimate  rejection 
limited  by  crosstalk  at  50  dB  to  55  dB.  It  exhibits 
less  than  1  dB  of  amplitude  ripple  at  19  dB  of  loss. 
The  delay  has  been  subtracted  from  the  response 
in  Figure  14  in  order  to  display  the  phase  linearity. 
Very  little  non-linearity  is  displayed.  (The  phase 
ripple  in  an  actual  device  would  probably  be 
around  6  degrees  due  to  miscellaneous  wave 
reflections.)  The  design  details  and  experimental 
results  will  be  the  subject  of  a  future  paper  [8]. 
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Figure  13.  RAF  for  Direction  Finding  Application 


CONCLUSION 

From  the  above  discussion,  it  is  clear  that  SAW 
filters  can  and  are  being  used  in  a  wide  variety  of 
narrowband  IF  applications.  RFW  filters  offer  the 
best  near-in  rejection  performance  for  a  given 
size  and  insertion  loss  but  are  limited  to  0.1% 
bandwidth.  When  greater  bandwidths  are  called 
for  but  low  loss  is  important  or  near-in  rejection  is 
not  a  concern,  RFI  filters  are  effective.  Because  of 
their  low  loss,  resonator  type  filters  are  often 
cascaded  when  greater  rejection  or  steeper 
shape  factors  are  required.  Finally,  when  linear 
phase  is  required,  RAF  filters  can  satisfy  the 
specifications  provided  a  larger  size  and  higher 
insertion  loss  can  be  tolerated. 
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Surface  acoustic  waves  for  micrograting  reflectors 
have  been  characterized.  Based  on  the  perturbation 
theory,  eight  different  types  of  structures  on  an 
acoustic  waveguide  were  analyzed.  Results  of  sim¬ 
ulations  of  all  eight  types  of  corrugation  structures 
were  evaluated  in  order  to  find  the  least  leaky 
waveguide,  the  most  efficient  reflector  (with 
minimum  necessary  perturbations),  and  the  optimal 
mode  shape  for  improved  performances.  General 
design  curves  are  presented  in  order  to  illustrate  the 
behavior  of  the  incident  and  reflected  waves  under 
a  variety  of  structural  conditions.  Analytic  expres¬ 
sions  for  the  calculations  of  the  mode  amplitude 
and  mode  shape,  and  for  general  acoustic  corruga¬ 
tions  are  derived  and  then  the  simulations  results 
are  presented. 


1.  INTRODUCTION 

The  analysis  of  perturbed  channel  waveguides 
plays  a  significant  role  in  the  design  of  integrated 
microresonators  or  Surface  Acoustic  Wave  (SAW) 
couplers,  since  channeled  waveguides  form  the 
basic  building  block  of  many  devices.  The  per¬ 
turbed  waveguide  mode  dispersion  is  crucial  to 
device  design  in  order  to  have  prior  knowledge  of 
waveguide  behavior  in  a  practical  device.  In  the 
field  of  electrooptics  a  number  of  methods  for  ana¬ 
lyzing  optical  perturbed  waveguides  exist  in  the  lit¬ 
erature1.  Marcatili2  has  analyzed  a  step  index  opti¬ 
cal  channel  by  ignoring  the  fields  in  the  corner 
regions.  For  such  an  approximation,  the  results  are 
accurate  only  far  from  cut  off  since,  in  this  case, 
the  fields  at  the  corner  can  be  ignored. 


Using  coupled  mode  theory,  it  was  shown  that  a 
periodically  perturbed  conventional  AV/V  is  (the 
relative  velocity  reduction  due  to  a  deposited 
metallic  strip  over  a  piezoelectric  substrate)  acousti¬ 
cal  waveguide  in  a  microresonator  structure,  can 
serve  as  a  Fabry-Perot  cavity.  A  general  method, 
which  was  given  in  that  work,  could  be  applied  to 
any  perturbed  waveguide  structure  in  the  sense  that 
it  could  analyze  and  obtain  the  number  of  trans¬ 
verse  modes,  their  cutoff  lines,  and  their  reflecting 
response  without  having  to  solve  the  corresponding 
eigenvalue  equations.  An  analytical  expression  for 
the  incident  and  reflected  fields  in  a  periodically 
perturbed  acoustic  waveguide  was  presented.  The 
main  disadvantage  in  all  the  above  methods  is  that 
neither  the  analytical  nor  the  numerical  methods 
can  provide  normalized  solutions  for  periodically 
perturbed  waveguides  of  arbitrary  corrugation 
shapes  and  aspect  ratios.  Rounded,  diamond- 
shape,  or  star- type  corrugations  are  not  suitable  for 
analytical  treatment.  Numerical  methods,  on  the 
other  hand,  are  applicable  only  to  the  specific  case 
under  investigation,  thus  losing  generality.  This 
makes  it  necessary  to  search  if  the  associated  wave 
equation  (or  in  a  periodic  case,  the  Helmholtz 
equation)  can  be  normalized  prior  to  a  numerical 
solution,  giving  results  that  would  become  general 
and  applicable  to  any  kind  of  corrugation  shape  on 
a  certain  waveguide.  The  demand  for  new  kinds  of 
periodic  corrugations  in  an  acoustical  waveguide 
configuration  increases,  since  conventional  pertur¬ 
bations  excite  leaky  modes  that  deteriorate  the  iso¬ 
lating  properties  of  a  typical  confining  waveguide. 


The  integration  of  waveguides  and  distributed 
reflectors  in  'integrated  acoustic'  device  applications 
have  recently  been  studied  by  our  group  [3]. 
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In  this  paper  several  kinds  of  complex  periodic 
corrugations  will  be  discussed  and  numerically  ana¬ 
lyzed  in  acoustical  micromirror  configurations.  The 
final  goal  of  this  work  is  to  gain  better  isolation 
and  crosstalk  reduction  along  with  improvement  of 
reflection  properties.  This  work  is  novel  in  the 
sense  that  it  enables  one  to  evaluate  different 
waveguide  structures,  accepting  structures  of  any 
kind,  and  its  results  are  applicable  to  all  kinds  of 
waveguides  with  aspects  ratios,  not  necessarily 
equal  to  one. 

In  Sec.  II,  the  main  principles  of  the  numerical 
approach  of  the  normalized  Helmholtz  solution  is 
presented  and  discussed.  In  Sec.  Ill,  various  corru¬ 
gation  shapes  are  described.  These  shapes  are 
mainly  distinguished  in  the  sense  that  some  of  them 
are  externally  mounted  while  the  rest  are  internally 
mounted.  Sec.  IV  describes  evaluation  and  results 
of  the  simulations,  pointing  to  the  most  preferable 
acoustical  structure. 

II.  THE  NUMERICAL  APPROACH  OF  AN 
ARBITRARY  PERTURBATION  STRUCTURE 


A  basic  waveguide  perturbation  is  of  the  form 
shown  in  Fig.l.  Obviously  different  types  of  cor¬ 
rugations  can  fit  the  basic  structure  as  long  as  their 
dimensions  remain  smaller  than  the  waveguide 
width. 


In  order  to  find  the  perturbation  response  par¬ 
ameters,  we  express  the  perturbed  Rayleigh  channel 
phase  velocity  as3 


1 

Vr(x) 


+  F(*)A 


I 

Vr(z)  ’ 


(1) 


where  F(x)  is  the  normalized  window  function 
given  by 


F(x)  = 


1,  d  <  |x|  <  d  +  Ad 
0,  else. 


and 


A  [1/Vr(z)]  «  [1/Vr(x)] 


(3) 


The  numerical  approach,  which  was  basically 
developed  by  Matsuhara4,  used  the  variational 
method.  Forsythe  and  Wa sow5  on  the  other  hand, 
used  the  finite  difference  method.  In  this  paper  a 
combination  of  both  variational  and  finite  differ¬ 
ence  method  were  used.  The  finite  difference 
approach  for  solving  the  normalized  Helmholtz 
equation  requires  a  large  number  of  subintervals 
since  the  field  is  discontinuous  at  the  subinterval 
boundaries.  In  the  variational  approach  with  bili¬ 
near  interpolation,  the  field  is  continuous  at  the 
subinterval  boundaries,  independent  of  the  number 
of  subintervals,  enabling  the  use  of  a  smaller  inter¬ 
val  for  an  accurate  solution. 


is  the  variation  of  the  small  perturbations.  Here 
Vr(xj  is  the  Rayleigh  velocity  variation  due  to  the 
small  transversal  perturbation.  (Fig.l.) 

The  wave  velocity  gets  its  minimal  value  when 
F(x)  =  1  in  the  perturbed  region  and  seems  to 
remain  constant  at  this  new  value  (AVrjx, )  along 
the  perturbation  width.  The  overall  field  in  the 
perturbed  waveguide  can  be  approximated  by  a 
linear  combination  of  back  and  forth  propagating 
modes,  which  are  coupled  to  each  other  by  the 
applied  z- perturbation.  The  approximated  modal 
field  expression  in  such  a  structure  is3: 

w(x)  =  W(x)  [R(z)  exp(-i£z)  +  S(z)  exp(i/?z)]  ,  (4) 


where  f)  is  the  wave  number  of  the  propagating 
wave. 

The  expressions  for  R(z)  and  S(z)  (the  reflected 
and  incident  waves)  include  the  decay  factor  along 
the  z  direction  of  the  waveguide  and  the  periodic 
perturbations  upon  it.  These  expressions  were  alre¬ 
ady  derived  in  our  previous  work3. 


Fig.  1:  Basic  corrugation  structure  (a)  and  its  cor¬ 
responding  index  profile  (b). 


324 


W(x)  is  the  local  normalized  modal  field  along 
the  x  axis  and  is  approximately  independent  of  z. 
Numerical  representation  of  this  modal  field  using 
the  variational  method  eases  the  solution  of  a  par¬ 
tial  differential  equation  since  the  variational 
approach  typically  converges  more  rapidly  than 
other  conventional  solving  methods.  Matsuhara4 
and  Taylor6  have  employed  this  approach  to  solve 
the  Helmholtz  wave  equation. 

Application  of  their  method  to  the  normalized 
Helmholtz  equation  yields  the  normalized  solution 
directly.  From  physical  considerations,  the  fields 
outside  an  acoustical  waveguide  vanish  at  infinity. 
This  provides  a  boundary  condition  for  the  varia¬ 
tional  problem.  Since  the  fields  decay  exponen¬ 
tially  in  the  substrate  underneath,  it  is  possible  to 
assume  some  finite  points  in  which  the  field  van¬ 
ishes.  This  assumption  is  necessary  to  facilitate  the 
numerical  calculation. 


E  F 


(a)  <b) 


Fig.  2:  Schematic  presentation  of  the  ABCD 
guided  zone  surrounded  by  the  boundaries  EFGH 
where  the  field  vanishes,  (a)  Each  grid  point  rep¬ 
resents  a  local  field  (b).  An  expanded  grid  cell  B3 
(shaded  in  (a),  B4  is  shown  in  (b)). 


Figure  2  shows  an  ABCD  waveguide,  sur¬ 
rounded  by  a  boundary  EFGH  in  which  the  modal 
field  is  assumed  to  vanish  for  modes  far  from 
cutoff.  It  should  be  mentioned  that  this  assumption 
is  correct  only  for  a  skin  guiding  zone  underneath  a 
AV/V  waveguide.  The  solution  method  can  be 
illustrated  by  a  square  grid  14x14  (Fig. 2).  The 
inner  part  of  the  grid  is  the  guided  zone  whereas 
the  outer  part  is  the  boundary.  The  field  in  the 
grid  is  specified  by  14x14  vector  components 
(Ej,  E2...E196).  Inside  ABCD  the  field  is  expressed 
as  a  bilinear  interpolation  of  the  four  grid  point 
values5.  Expansion  of  a  typical  cell  in  the  grid  is 
shown  in  Fig.2(b).  The  linear  field  distribution 
inside  this  cell  is  given  as7 

E(x',y')  =  ^  [E00  x'y'  +  Eoc(h  -  x')(h  -  y') 

+  Ehoy'(h  -  X')  +  Eoh(h  -  y')x  ].  (5) 

E(x\y')  is  the  field  amplitude  that  satisfies  the  nor¬ 
malized,  two  dimensional  scalar  Helmholtz  wave 
equation.  Ehh,  E00,  Eoh,  and  Eho  are  shown  in 
Fig.  2. 

Linearity  of  this  interpolation  even  on  the  cell 
edges,  necessitates  continuity  throughout  the  whole 
region  (except  for  the  EFGH  boundary  nodes)  in 
which  the  field  vanishes,  x'  and  y'  are  the  normal¬ 
ized  width  and  depth  space  variables,  defined  as 

x'  =  x/w 

(6) 

y'  =  y/s  ■ 

where  w  is  the  waveguide  width  and  6  is  the  skin 
depth  of  the  guiding  zone. 

A  numerical  solution  technique,  similar  to  the 
one  given  in  Ref. 7  involves  solution  of  a  (196x196) 
matrix  and  therefore  has  196  eigenvalues.  We  are 
interested  in  finding  only  those  eigenvalues  that 
correspond  to  the  mode  propagation  constants.  The 
parameters  0  and  <f>,  that  are  defined  later,  are  used 
to  convert  the  two-dimensional  scalar  Helmholtz 
wave  equation  into  a  normalized  standard  partial 
differential  equation  of  the  form7: 


d2E 

d\'z 


+ 


ld2E 

r2dy'2 


+  $2[f(x'y')  -  0)E  =  0  . 


(7) 
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The  parameters  0  and  ^  of  a  d  width  waveguide 
are  defined  as: 


where  1  /Veff  is  the  effective  mode  index.  1/Vf 
and  1/Vg  are  the  indices  in  the  fast  and  slow 
regions,  respectively,  and  A0  is  the  center  wave¬ 
length  of  operation  (under  the  waveguide  the  wave 
propagates  in  a  slower  velocity  AV  than  outside  the 
waveguide  V).  The  resultant  eigenvalues  A  are 
given  as  A  =  <j>20,  thus  for  a  given  <f>,  the  normalized 
propagation  constant  0  can  be  found. 

Since  O<0<1,  only  the  eigenvalues  that  lie 
between  zero  and  4>2  correspond  to  the  modes  of 
the  waveguide8.  A  numerical  computational  tech¬ 
nique  that  enables  one  to  find  the  largest  eigenva¬ 
lues  of  a  matrix  between  0  and  4>2  was  used.  In  our 
simulations  <i>  was  taken  as  a  parameter  and  yielded 
the  mode  propagation  constant  eigenvalue  0  as  a 
function  of  the  various  corrugation  structures. 

Using  a  3D  computational  technique  the  relevant 
modes  were  then  illustrated.  The  x,y  axes  are  the 
real  topographical  directions  and  the  z  axis 
describes  the  mode  amplitude.  Figs.3(a)-(d).  This 
3D  illustration  describes  the  eigenfunction  of  the 
corresponding  0  of  each  of  the  perturbation  struc¬ 
tures.  As  0  increases,  its  shape  becomes  more  -con¬ 
fined  with  steeper  walls.  Smaller  values  of  0  yield 
a  smeared  mode  across  the  waveguide  section  with 
lower  magnitude. 


Mod«  Amphluda 


e  Fifth  Mode 


Fig.  3:  Basic  mode  description  of  first  five  funda¬ 
mental  modes  in  the  guiding  zone  underneath  a 
AV/V  waveguide.  The  z  axis  represents  the  mode 
amplitude  along  the  waveguide.  The  waveguide 
parameter  <t>  was  5  and  yielded  0  for  each  simula¬ 
tion. 


III.  CORRUGATION  STRUCTURES 

Eight  types  of  corrugation  structures  were  dev¬ 
ised,  investigated,  and  simulated  (Fig.4).  A  first 
category  consisted  of  three  types  of  waveguides: 
cross  type,  pallet  structure  and  arrow  type  with 
externally  mounted  corrugations.  The  second  cate¬ 
gory  consisted  of  five  internally  corrugated  wave¬ 
guides:  H  type,  V  groove,  normal  well,  diamond 
well  and  tunnel  type. 
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Fig.  4:  Eight  types  of  internal  and  external  corru¬ 
gation  structures. 

A.  Simulation  procedure 

The  main  interest  in  perturbed  waveguides  is 
their  transmission  properties  as  a  function  of  vari¬ 
ous  physical  factors.  Among  these  factors  are  the 
number  of  perturbations,  the  perturbation  geome¬ 
try,  and  the  ability  to  guide  and  control  the  ref¬ 
lected  waves  with  maximum  confinement  to  pre¬ 
vent  interferences  with  adjacent  acoustical  ele¬ 
ments.  In  each  of  the  studied  structures,  the  nor¬ 
malized  modal  fields  contours  and  their  1/V  pro¬ 
files  as  a  function  of  x  and  y  are  presented.  This 
was  done  for  the  first  five  fundamental  modes. 
The  importance  of  these  modal  field  distributions  is 
in  the  design  of  micromirrors  for  microresonators, 
acoustic  directional  couples,  splitters,  and  filters. 
Figure  3  shows  an  example  of  normalized  modal 
shapes  of  the  five  fundamental  modes.  These 
modal  illustrations  emphasize  the  exact  propagating 
energy  locations  of  each  mode  and  its  profile. 


The  parameter  <f>  in  most  cases  has  a  typical 
acoustic  value  of  5  and  yields  p  as  a  result.  The 
modal  field  distribution  is  presented  in  a  3D  figure 
where  the  x,y  axes  indicate  the  geometrical  location 
and  the  x  axis  illustrates  the  mode  amplitude  distri¬ 
bution  in  that  specific  location.  This  procedure  is 
repeated  for  up  to  200  perturbations.  The  transi¬ 
tion  from  one  perturbation  to  another  is  obtained 
using  the  overlapping  matrix  multiplication 
between  a  perturbed  and  an  unperturbed  wave¬ 
guide  section. 

In  such  a  multiplication  of  the  modal  fields 
matrices,  part  of  the  field  energy  is  lost  in  a  radia¬ 
tive  leakage  mechanism.  There  could  be  three 
major  possible  reasons  for  this  energy  loss  in  such  a 
transition:  (1)  energy  transfer  to  a  reflected  mode; 
(2)  leakage  to  the  substrate  by  bulk  modes;  and  (3) 
surface  scattering  beyond  the  acoustic  waveguide 
section.  In  the  following  simulation  the  perturbed 
waveguide  was  examined  as  a  complete  unit  of  ref  - 
lecting  mirror  without  distinguishing  between  the 
three  mechanism  of  energy  loss. 

The  matrix  multiplication  for  one  transition 
from  the  main  guide  to  the  perturbed  region  and 
then  back  to  the  main  guide  requires  a  complicated 
procedure  since  many  matrices  are  involved  in  it. 
The  cross-section  shape  of  the  polygonal  structures 
creates  slices  of  series  planes  that  require  many 
multiplications,  one  by  the  other,  in  order  to  achi¬ 
eve  a  proper  guide  geometry  description.  The 
accuracy  of  this  matrix  multiplication  technique  is 
a  function  of  the  number  of  slices  that  are  taken  in 
this  computation.  The  percentage  of  energy  loss  in 
such  a  mode  transition  from  one  cross  section  to 
another  is  then  calculated  for  the  whole  transition, 
which  is  equal  to  one  perturbation.  The  total 
energy  loss  after  a  certain  number  of  perturbation 
is  calculated  as  1/aN  where  a  is  the  characteristic 
loss  of  one  perturbation  and  N  is  the  number  of 
perturbations.  This  function  decays  asymptotically 
to  zero  with  the  increase  of  N.  The  total  number 
of  perturbations  that  causes  maximum  energy  ref¬ 
lection  in  a  waveguide  section  is  the  required  par¬ 
ameter  in  a  micromirror  fabrication.  This  parame¬ 
ter,  however,  is  not  precise,  since  it  is  influenced 
by  the  three  additional  energy  loss  mechanisms, 
causing  supplementary  losses  in  the  wave  propaga¬ 
tion.  The  physical  interpretation  of  these  overlap¬ 
ping  matrices  resembles  that  of  the  optical  case  in 
which  a  stack  of  slides  are  positioned  in  series  rep¬ 
resenting  a  periodic  perturbation  structure. 


327 


A  number  of  100  perturbations  upon  the  wave¬ 
guide  was  taken  as  a  maximum  in  the  incident 
wave  simulations,  since  all  the  modes  lost  most  of 
their  energy  at  that  point.  In  the  reflected  wave 
simulations,  however,  the  maximum  number  of 
perturbations  was  taken  as  230  for  a  total  reflec¬ 
tion,  but  with  a  different  initial  condition  of  the 
input  signal. 

The  simulations  were  repeated  twice,  once  for 
the  transmission  waves  and  once  for  the  reflected 
waves.  In  each  simulation  16  dependencies  were 
examined  and  analyzed  in  the  following  four  sets: 

(1)  a~N  (mode  amplitude)  versus  the  number  of 
perturbations  (p)  in  the  investigated  devices  for 

modes  one  to  five. 

(2)  a  N  versus  the  number  of  perturbations  for 

K  =  1  :-  5  in  devices  1  4. 

(3)  a  N  versus  the  mode  number  (K)  for 
10,20,50,  and  100  perturbations  for  the  investigated 
devices. 

(4)  aN  versus  the  mode  number  (K)  for 

10,20,50,  and  100  perturbations  in  devices  1  4. 

B.  Incident  waves  simulations 


Mode  amplitude  (a~N)  versus  the  number  of 
perturbations  for  constant  K 

Fig.  5  shows  aN(p),  in  the  first  set,  for  an 
effective  fundamental  mode  (K  =  l  -:  5)  in  the  in¬ 
vestigated  devices.  A  basic  fact  that  is  revelead  by 
this  simulation  is  the  nonlinear  decay  curve  of  the 
propagating  wave  in  relation  to  the  number  of  per¬ 
turbations.  Device  No.4,  (the  diamond  well)  has  a 
stronger  decay  and  a  corresponding  reflectivity 
than  the  normal  well,  the  V  groove  and  the  star 
type. 

The  explicit  expression  for  R(z)  and  S(z)  (the 
reflected  and  incident  waves)  including  the  decay 
factor  (a)  along  z  direction  of  the  waveguide  and 
the  periodic  perturbations,  are3  the  set  of  coupled 
mode  equations: 

R(z)  =  qR(z)  +  iK.  e'l2*)*  S(z)  ,  (10) 

dz 

£-  S(z)  =  -oS(z)  -  iK  e(-‘(2«5)r)  R(z)  (11) 

dz 

where  S  is  defined  as  the  grating  perturbation  mis¬ 
match,  or3 

=  (12) 


Incident  Index  Profile  Blow  Up  Including  All  Modes 


decay  in  four  sample  devices:  diamond  well  (device 
No.4),  normal  well  (device  No.3),  V  groove  (device 
No.2),  and  star  type  (device  No.l). 
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Kr  is  the  coupling  coefficient3  and  a  is  the  longitu¬ 
dinal  decay  factor  due  to  dissipative  losses  of  the 
waveguide  material.  Ar  is  the  grating  period  of  a  z 
dependent  periodical  perturbation. 

Final  expressions  for  R(z)  and  S(z)  are  also 
given  in  Ref.3  as  well  as  their  graphical  representa¬ 
tion.  For  frequencies  around  the  center  frequency 
f0,  the  mode  power  function  of  the  transmitted 
signals  decreases  exponentially  along  the  corrugated 
waveguide  section  whereas  the  reflected  signal  rises 
in  the  same  manner  in  the  opposite  direction  due  to 
coupling  between  the  forward  and  backward  pro¬ 
pagating  modes.  The  two  external  perturbed  dev¬ 
ices  decay  faster  than  the  internally  perturbed  dev¬ 
ices,  but  almost  in  the  same  way. 

Figure  6  in  the  second  set,  is  an  example  of  a~N 
dependence  on  the  number  of  perturbations  (p)  for 
one  of  the  examined  devices  (diamond  well)  with 
the  five  fundamental  modes  as  parameters,  it  is 
obvious  that  the  first  mode  is  the  strongest  and 
fifth  one  is  the  weakest.  Around  50  perturbations, 
a'N  decreases  to  less  than  10%  of  its  magnitude. 
The  behavior  of  the  diamond  well  was  found  to  be 
typical  for  the  other  examined  devices. 

In  the  third  set  of  simulations  an  attempt  to 
compare  the  four  examined  devices  performance  as 
a  function  of  their  mode  numbers  in  10,20,50  and 
100  perturbations  was  made. 

In  the  reflected  wave  simulations  the  same  four 
basic  comparisons  were  done:  (1)  a~N(p)  with  the 
device  type  as  a  parameter  for  modes  one  to  five; 
(2)  a~N(p)  with  the  mode  number  as  a  parameter 
for  devices  one  to  four;  (2)  a  N(K)  with  the  device 
number  as  a  parameter  for  10,20,50,  and  100  per¬ 
turbations;  and  (4)  a~N(K)  with  the  perturbation 
number  as  a  parameter  for  devices  1  -:  4. 

Figure  7  shows  the  reflected  wave  profile  for  all 
the  examined  devices.  The  star  type  device  which 
is  externally  perturbed  has  the  best  reflections  pro¬ 
perties  while  the  normal  and  diamond  wells  are  less 
efficient.  However,  these  internal  perturbed  dev¬ 
ices  still  remain  advantageous  since  most  of  the  the 
propagating  wave  remains  confined  underneath 

them. 

Investigation  of  the  reflectance  of  a  well  type 
device  is  illustrated  as  an  example  in  Figure  8. 
Here  K  is  a  parameter  and  K=1  is  the  strongest. 
The  index,  n  line  in  a  typical  index  value,  repre¬ 
senting  this  device. 


IV.  DISCUSSION  AND  CONCLUSIONS 

The  goal  of  the  investigation  of  microreflectors 
was  to  achieve  equivalent  performances  as  in 
conventional  grid  reflectors,  in  order  to  obtain  low 
loss  integrated  SAW  devices.  Based  on  coupled 
mode  theory,  a  microresonator  prototype  was  dev¬ 
eloped  and  analyzed  in  a  previous  publication  with¬ 
out  micromirror  optimization.  This  device  had 
high  insertion  loss,  due  to  its  leaky  perturbed 
waveguide  and  inefficient  electromechanical  trans¬ 
duction  into  and  out  of  the  substrate  crystal. 

In  order  to  a  void  the  high  insertion  loss  of  the 
conventional  micromirrors,  investigation  of  optimal 
corrugation  structures  was  performed  to  prevent  or 
reduce,  at  least,  the  leakage  from  the  waveguide 
reflectors.  Three  possible  mechanisms  are  responsi¬ 
ble  for  this  leakage  in  a  perturbed  waveguide:  (1) 
wave  diffraction,  (2)  decay  into  the  substrate,  and 
(3)  energy  transfer  between  modes. 

In  order  to  minimize  the  wave  diffraction  eight 
different  types  of  corrugation  structures  were  stud¬ 
ied.  The  star  type  and  pallet  structure  devices  were 
suggested.  Their  smooth  contour  lines  decrease 
somewhat  the  modal  energy  loss  in  the  waveguide. 

The  ingrowing  perturbations  devices;  the  V 
groove  and  the  H  type  structures  improved  the  out¬ 
growing  perturbations  performances  of  the  star 
type  and  pallet  structure  since  the  diffraction  took 
place  inside  the  system.  The  internal  perturbations 
devices:  the  normal  well  and  the  diamond  well  had 
a  preliminary  advantage  of  reduced  internal  dif¬ 
fraction.  This  fact  was  proven  by  the  simulations 
since  in  reflection  simulations  less  perturbations 
were  required  for  better  transmission.  As  a  result 
the  internal  perturbed  waveguide,  particularly  the 
diamond  well  is  the  optimal  corrugation  structure. 
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Normalized  Mode  Magnitude  Normalized  Mode  Magnitude 


Magnitude  Of  Incident  Wave  In  a  Diamond  Well  K’  Is  a  Parameter 


Fig.  <5:  Five  fundamental  modes  in  a  diamond  well 
device.  The  index,  n  line  represents  an  effective 
index  value,  typical  to  a  specific  device. 


Fig.  f:  Reflected  wave  profile  for  four  sample 
devices.  Each  device  was  represented  by  its  effec¬ 
tive  index.  Devices  1-4  are  the  star  type,  V 
groove,  the  normal  well  and  the  diamond  well, 
respectively. 
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ABSTRACT 

The  film  fiulk  Acoustic  Resonator,  or 
FBAR ,  is  a  new  technology  which  has  been  used 
in  the  design  and  fabrication  of  microwave 
filters.  These  filters  exhibit  a  combination 
of  low  loss,  small  size,  frequency  and 
bandwidth  not  attainable  by  any  other  type  of 
device.  Using  a  piezoelectric  film  of  zinc 
oxide  as  a  high  Q  crystal  resonator  along  with 
passive  components  it  is  possible  to  form  an 
integrable ,  high  performance  bandpass  filter . 
The  range  of  center  frequencies  achievable  is 
roughly  1  to  5  GHz  using  current  resonator 
designs.  The  technique  features  potentially 
low  cost  (since  the  filters  are  fabricated  by 
batch  processing),  and,  perhaps  most 
intriguing,  the  capability  of  being  combined 
with  more  complex  functions  (such  as  a 
complete  radar  receiver)  as  part  of  a  larger 
mask  set.  Other  advantages  are  moderate  power 
handling  capability,  good  temperature 
stability,  and  high  dynamic  range. 


INTRODUCTION 

The  performance  requirements  of  front  end 
filters  above  1GHz  are  increasingly  difficult 
to  meet  with  traditional  approaches  of  lumped 
element,  dielectric  or  surface  acoustic  wave 
filters.  In  particular  size  and  weight  must 
be  increased  if  low  insertion  loss  is  desired 
and  vice  versa.  Bulk  acoustic  wave  filters 
offer  unique  advantages  because  they  are  much 
smaller  than  dielectric  or  lumped  element 
devices  and  possess  much  lower  insertion  loss 
than  surface  wave  devices.  Furthermore,  since 
they  are  fabricated  directly  on  semiconductor 
wafers  they  can  be  integrated  with  active 
circuitry  to  form  a  component  in  a  complete 
receiver  on  a  chip. 

FILM  BULK  ACOUSTIC  RESONATOR  DESCRIPTION 

The  most  important  components  in  a  multi - 
pole  FBAR  filter  are  the  acoustic  resonators. 
They  consist  of  a  four  layer  composite 
structure  in  which  sputtered  Si02  is  used  as  a 
support  layer  both  to  provide  mechanical 
rigidity  and  for  temperature  compensation1 .  A 
thin  layer  (usually  less  than  .25  microns)  of 
crystallographically  ordered  gold  is  deposited 


over  the  amorphous  Si02  which  acts  as  the 
growth  bed  for  the  piezoelectrically  active 
ZnO  layer  which  is  deposited  by  r.f.  magnetron 
sputtering.  The  top  electrode  is  the  fourth 
layer  and  consists  of  an  evaporated  aluminum 
film  of  thickness  between  .2  and  .5  microns. 

Since  the  resonant  frequencies  and  piezo¬ 
electric  coupling  of  the  FBAR  depend  on  the 
material  properties  and  thicknesses  of  all  the 
layers  it  is  essential  to  have  a  circuit  model 
which  accurately  describes  this  relatively 
complex  configuration.  Since  the  metal  layers 
are  quite  thick  relative  to  the  piezoelectric 
layer  at  frequencies  above  1GHz  they  cannot  be 
neglected  in  the  analysis  and  thus  closed  form 
expressions  (which  can  be  written  only  for  one 
or  two  layer  structures)  cannot  be  used. 

The  one  dimensional  Mason  model  in  which 
an  arbitrary  number  of  acoustic  layers  (piezo¬ 
electric  and  non  piezoelectric)  can  be  cas¬ 
caded  to  form  a  complex  structure  has  been 
shown  to  give  excellent  correlation  with 
experimental,  results  if  the  resonators  operate 
in  a  trapped  mode2 .  This  model  yields  the 
input  impedance  as  a  function  of  frequency;  it 
is  relatively  straightforward  to  extract  a 
Butterworth-VanDyke  equivalent  circuit  by 
inspecting  the  impedance  characteristic  near 
the  series  and  parallel  resonances  of  the 
structure3 .  Figure  1  shows  the  complex  imped¬ 
ance  using  the  Mason  model  of  a  typical  reso¬ 
nator  near  1  GHz  and  the  experimentally 
measured  responses.  Removing  the  electrical 
resistance  (approximately  2  ohms)  which  con¬ 
tributes  to  the  motional  resistance  at  series 
resonance  the  agreement  is  seen  to  be  quite 
good.  One  important  factor  which  is  not 
predicted  by  the  one  dimensional  model  is  the 
presence  of  in-band  spurious  responses  as  seen 
in  the  experimental  curves.  While  it  is  not 
possible  to  entirely  eliminate  the  spurs  their 
size  can  be  reduced  by  careful  attention  to 
cleanliness  during  the  resonator  fabrication. 
Their  effect  on  the  the  pass  band  can  be 
further  reduced  by  coupling  techniques  as 
explained  in  the  next  section. 
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Fig.  1.  Complex  impedance  of  computer  model 
and  measured  FBAR  data 


BULK  ACOUSTIC  RESONATOR 
NARROW  BAND  LADDER 
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Fig.  2.  Two-pole  narrow  band  ladder  filter 
schematic 


Non- symmetrical  passbands  can  be  made 
wider  than  this  but  they  go  hand-in-hand  with 
severe  group  delay  distortion. 

Since  the  capacity  ratio  limits  band¬ 
width,  one  simple  approach  to  wider  bandwidth 
symmetrical  filters  is  resonating  the  C0  with 
an  inductor  at  f0  thus  effectively  canceling 
it  out  over  a  limited  bandwidth.  By  computer 
modeling  and  practical  demonstration  this  is 
known  to  be  an  effective  technique .  However , 
it  has  the  disadvantage  of  introducing  a 
spurious  passband  extending  from  D.C.  to 
f0/7T.  This  must  be  suppressed  by  cascading 
with  a  high  pass  or  band-pass  "guard”  filter. 
Alternatively,  other  sources  of  selectivity 
may  already  reject  that  band  from  the  system. 

Full -lattice  and  half- lattice  balanced 
networks  would  offer  symmetrical  passbands ; 
but  they  are  not  practical  for  the  very  high 
frequency  bands  of  FBAR.  The  chosen  filter 
circuit  for  this  resonator  is  the  ladder 
configuration  of  figure  3  with  deposited 
spiral  inductors.  The  network  topology  meets 
these  desirable  goals: 


1.  Cascaded  resonator  ladder  configura¬ 
tion 

2.  All  resonators  Identical 

3.  No  variable  elements 

A.  Temperature  stable 

5.  Completely  monolithic 


FILTER  DESIGN 

The  ideal  configuration  for  a  filter 
using  FBAR  resonators  is  the  resonator-and- 
capaci tor -only  ladder  of  figure  2.  It  is  a 
configuration  which  can  make  a  symmetrical 
passband  if  the  fractional  bandwidth  is  less 
than  about: 


The  simple  two-pole  filter  can  be  de¬ 
signed  by  presuming  that  the  filter  consists 
of  two  series  resonant  circuits  in  series, 
coupled  together  by  a  capacitor  connected  to 
ground  between  them.  Thus,  we  make  the  ap- 
Rtoximation  that  the  C0-L^  combination  is 
negligible  in  the  vicinity  of  the  center 
frequency.  This  is  a  valid  assumption  over 
the  band  of  frequencies  f0  (l^/L*  )l  12  centered 
at  f0  . 

Desired  low  pass  prototype  characteris¬ 
tics  (Butterworth  or  Chebychev)  can  be  se¬ 
lected  from  Zverev*  and  converted  to  the  band¬ 
pass  form  described  above  using  the  Humpherys5 
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tance  inverters  can  solve  two  problems:  exact 
design  of  multi -pole  Buttervorth  and  Chebychev 
filters  can  be  performed;  and  some  relief  from 
the  effects  of  unwanted  spurious  responses  can 
be  achieved.  It  is  our  intention  to  use 
simple  two-pole  filters  as  building  blocks  to 
achieve  well  known  tabulated  filter  character¬ 
istics  of  even  order.  A  four  pole  network  can 
be  designed  having  the  resonant  frequency 
located  near  the  center  of  the  filter  instead 
of  at  the  lower  band-edge  as  in  figure  2. 
This  requires  a  coupling  inductor  connected  to 
ground  between  the  building-block  pairs.  It 


BULK  ACOUSTIC  RESONATOR 
WIDE  BAND  LADDER 
RESONATING  CQ  WITH  LQ 

Fig.  3.  Two-pole  wide  band  ladder  filter 
schematic 

procedure.  The  latter  is  an  extremely  flexi¬ 
ble  technique  leading  to  many  variations  of 
circuit  configurations  through  the  use  of 
constant  reactance  inverters;  the  importance 
of  this  will  be  made  evident.  Figure  4  shows 
the  ideal  computed  gain  response  of  a 
Buttervorth  two  pole  filter,  and  the  resulting 
response  when  finite  Q  is  included  in  the 
inductors,  capacitors  and  resonators.  The 
most  significant  contributor  to  insertion  loss 
is  the  Q,  of  the  resonators  (.8  db) ;  finite  Q 
in  the  coupling  capacitor  adds  about  0.15  db 
and  the  loss  in  the  coil  Lq  adds  about  .1  db. 
Thus  improvement  in  the  resonator  Q  offers  the 
best  return;  but  there  is  a  point  of  dimin¬ 
ishing  returns  because  doubling  Q„  merely 
drops  the  insertion  loss  to  .65  db. 

If  two  Identical  units  are  cascaded 
without  any  regard  to  the  exactitude  of  the 
design  the  resulting  filter  would  not  neces¬ 
sarily  result  in  a  recognized  four-pole  re¬ 
sponse.  However,  performing  a  low-pass  to 
band-pass  transformation  with  constant  reac- 


Fig.  5.  Six-pole  wide  band  ladder  filter 
layout  with  all  inductive  coupling 

thus  moves  all  spurious  (which  are  always 
located  above  the  resonator  series  resonance) 
one-half  a  bandwidth  upwards  assuring  a  spuri¬ 
ous  free  passband  and  moving  those  in  the 
stopband  down  to  lower  level  on  the  skirt. 
The  circuit  is  achieved  by  using  two  negative 
constant  reactance  inverters  and  one  positive 
inverter.  All  four  resonators  are  identical 
in  frequency  and  motional  inductance.  A  six- 
pole  network  as  shown  in  figure  5  would  re¬ 
quire  two  different  building  blocks:  two  with 
resonator  pairs  located  slightly  below  center 
frequency  (Pair  I)  and  one  pair  almost  exactly 
at  center  frequency  (Pair  II).  Figure  6  shows 
the  computed  response  for  both  the  lossless 
case  and  for  the  case  where  the  elements  have 
realizable  Q.  The  design  features  only  two 
different  resonator  pairs;  the  frequency  of 
each  is  located  near  the  middle  of  the  pass- 
band;  the  coupling  is  accomplished  with  alter - 


Fig.  6.  Computed  response  of  six-pole  alter¬ 
nate  coupling  filter  for  lossless  (infinite  Q) 
case  and  for  realizable  filter  finite  Q 


Fig.  4.  Ideal  and  realizable  filter  response 
of  two -pole  wide  band  ladder  filter 
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nating  reactance  signs;  and  two  extra 
inductors  are  needed  on  the  ends  to  make  the 
configuration  an  exact  cascade  of  FBAR  two- 
resonator  chips. 

FABRICATION 

A  two-pole  FBAR  filter  operating  in  the 
1GHz  range  and  using  a  ladder  configuration 
has  been  fabricated  and  tested.  The  design 
incorporates  techniques  which  emphasize  mono¬ 
lithic  low  cost  fabrication  which  is  compati¬ 
ble  with  MMIC  circuitry.  The  device  layout 
for  the  two  pole  filter  is  shown  in  figure  7. 
The  FBARs  are  the  most  critical  components  and 
their  fabrication  is  the  most  difficult  step. 
The  ordered  gold  deposition  is  performed  at 
critical  temperature,  rate  and  vacuum  require¬ 
ments.  The  zinc  oxide  will  generally  be 
strongly  active  if  the  gold  is  well  ordered. 
The  sputter  deposition  must  be  performed  so 
that  the  ZnO  film  has  the  lowest  possible 
mechanical  stress  consistent  with  piezoelec¬ 
tric  activity.  Low  stress  films  are  essential 
both  for  mechanical  integrity  and  electrical 
performance.  Compressive  films  bow  upward  and 
have  been  observed  to  shatter  even  with  the 
slightest  applied  pressure.  Stress  also 
seriously  degrades  the  resonator  Q  and  in¬ 
creases  insertion  loss. 


. 


Fig.  7.  Device  layout  for  fabricated  two-pole 


The  compensating  inductors  and  coupling 
capacitor  are  fabricated  using  standard  micro¬ 
electronic  techniques.  The  capacitor  dielec¬ 
tric  consists  of  2500A  of  silicon  nitride 
deposited  using  a  plasma  enhanced  chemical 
vapor  deposition  process.  The  inductor  is  a 
standard  spiral  configuration  whose  value  and 
geometry  are  determined  using  computer  aided 
design  techniques6 .  A  thick  gold  metalization 
of  at  least  4  microns  is  used  to  increase  the 
Q.  This  metalization  is  performed  using 
electron-beam  evaporation  and  the  delineation 
of  the  inductors  is  done  by  either  etching  or 
lift-off.  The  inductor  lines  are  broken  and 
air  bridges  are  fabricated  over  the  cent'r 
conductor.  Air  bridges  are  also  fabricated  at 
the  coupling  capacitor  connections.  These 
bridges  are  quite  sturdy  and  hold  up  well  in 
subsequent  processing. 


Fabrication  of  the  acoustic  resonators 
requires  that  the  substrate  crystal  be  entire¬ 
ly  removed  under  the  resonating  area.  This  is 
accomplished  for  both  silicon  and  gallium 
arsenide  by  reactive  ion  etching  the  substrate 
the  same  way  that  via  holes  are  formed  in 
analog  MMIC's.  Using  RIE  allows  the  etching 
to  be  performed  in  a  batch  process  (with  up  to 
25  wafers  at  a  time)  without  requiring  protec¬ 
tion  of  the  front  side  of  the  wafer  as  in  wet 
chemical  etching.  For  gallium  arsenide  a 
chlorine  based  chemistry  is  used  while  for 
silicon  sulfur  hexafluoride  gives  excellent 
results.  Etch  rates  of  up  to  8  mils  per  hour 
for  silicon  and  6  mils  per  hour  for  gallium 
arsenide  have  been  achieved. 

DEVICE  PERFORMANCE 

Figure  8  shows  the  measured  gain  response 
of  a  two  pole  monolithic  FBAR  filter  designed 
on  these  principles.  It  is  remarkable  for  its 
low  insertion  loss  and  deep  stop  bands.  For 
this  value  of  insertion  loss  the  filter  per¬ 
formance  is  primarily  limited  by  the  quality 
of  the  FBAR's.  There  are,  however,  spurious 
responses  occurring  in  the  passband  and  on  the 
upper  stopband  skirt.  These  spurs  cause  the 
small  ripple  in  the  pass  band.  The  effect  of 
the  spurs  can  be  minimized  wever,  by  im¬ 
proving  the  processing.  T!  out  of  band 


Fig.  8.  Typical  performance  curve  of  low  loss 
two  pole  filter. 


rejection  also  depends  on  the  quality  of  the 
FBARs  as  well  as  their  dimensions  and  is 
typically  greater  than  50  dB  for  a  two  pole 
device.  Figure  9a  show  a  typical  filter  with 
relatively  large  spurious  ripple;  in  figure  9b 
the  coupling  capacitor  has  been  replaced  with 
a  coupling  inductor  whose  value  (approximately 
8  nH)  is  determined  by  Hurapherys’ design  proce¬ 
dure.  Note  that  in  this  case  the  spurs  have 
been  shifted  to  the  high  end  of  the  response 
and  do  not  appear  in  the  pass  band.  Figure  10 
shows  the  response  of  a  cascade  connection  of 
two  two-  pole  filters  and  offers  phenomenal 
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100  dB  stopbands  and  less  chan  4  dB  insertion 
loss.  It  Is  desirable  to  achieve  the  sharper 
selectivity  of  multiple  resonator  filters;  and 
the  Humpherys  technique  is  a  viable  approach 
to  achieving  it. 

For  the  prototype  filter  the  chip  size 
was  chosen  for  convenience  of  handling  to  be 
300  mils  per  side.  Using  this  oversized 
design  there  are  69  devices  on  a  3  inch  wafer. 
The  size  of  the  individual  chips  can  be  re¬ 
duced  by  more  than  50%  without  changing  the 
basic  design.  Thus  it  should  be  possible  to 
pack  at  least  150  devices  into  a  3  inch  or 
nearly  300  devices  into  a  4  inch  wafer. 
Increasing  the  FBAR  dimensions  reduces  the 
inductor  size  allowing  even  more  devices  on  a 
wafer . 


START  1  OOO.  OOO  OOO  MHz  Z~CP  J  500.  000  000  MHz 


Fig.  10.  Four  pole  response  obtained  by  cas¬ 
cading  two  two-pole  filters 
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ABSTRACT:  Lithium  tantalate  is  a  material  which  has 
very  large  electromechanical  coupling  coefficients  together 
with  compensated  orientations  for  the  shear  modes.  In  this  paper 
we  report  the  results  of  investigations  made  in  view  to  improve 
the  characteristics  of  fundamental  and  overtone  mode  resona¬ 
tors.  Using  the  stroboscopic  topography  technique,  we  have 
shown  that,  the  rather  poor  Q  factors  of  the  fundamental 
thickness  shear  resonators  are  due  to  non-stationnary  plate 
modes  coupled  to  the  fast  shear.  The  use  of  bar  shapped 
thickness  shear  resonators  permits  to  obtain  higher  Q  factors. 
To  obtain  overtone  resonators  with  a  zero  first  order  tem¬ 
perature  coefficient,  we  have  considered  doubly  rotated  cuts, 
the  compensation  of  the  T.C.  of  the  overtones  of  the  X  cut  by 
a  layer  of  silica,  and,  the  use  of  the  lateral  field  excitation.  This 
latter  type  of  resonator  is  very  well  adapted  to  lithium  tantalate 
and  permits  to  obtain,  using  the  piano-con vexe  geometry,  very 
large  Q  factors  for  overtones  with  very  elevated  ranks  . 


I  -  INTRODUCTION 

Lithium  tantalate  is  a  material  which  has  for  the  thickness 
modes  a  very  large  electromechanical  coupling  factor  (k 
reaching  45  %  for  the  fast  shear  mode)  together  with  compen¬ 
sated  cuts  (1)  (2).  These  properties  are  very  attractive  to  obtain 
filters  with  large  bandwidth  and  oscillators  with  important  shifts. 
Moreover  ,  despite  a  rather  poor  crystalline  quality  (non  stoe- 
chiometry,  dislocations  etc...)  this  material  presents  of  one  the 
smallest  acoustic  dissipation  known  (3). 

However,  excepted  for  some  doubly  rotated  cuts  (4)  (5),  only 
the  fundamental  fast  thickness  shear  mode  of  cuts  near  the  X 
one  is  thermally  compensated,  and,  with  a  conventional  design 
this  mode  has  a  rather  modest  Q  factor.  During  the  course  of  a 
study  presently  made  in  view  to  research  an  optimal  solution  for 
the  I.F.  Filters  of  the  new  pan-european  numerical  radiotele¬ 
phone  system  several  conventional  and  new  designs  were 
investigated  to  enhance  the  Q  factors  of  devices  using  the 
fundamental  mode  and  to  obtain  compensated  overtones  with  a 
sufficient  capacitances  ratio  to  have  the  required  bandwith  (150 
to  250  kHz  at  center  frequencies  in  the  range  45-75  MHz). 
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Also,  using  the  sophisticated  technique  of  X  ray  strosbos- 
copic  topography,  a  new  insight  on  the  properties  of  the  vibration 
modes  in  this  material  was  obtained  which  explains  the  low  Q 
factor  observed  with  the  fundamental  mode  and  several  features 
of  the  different  new  designs  for  overtone  resonators. 


II  -  THICKNESS  SHEAR  MODES  IN 
LITHIUM  TANTALATE 

Several  loci  of  zero  first  order  temperature  coefficients  exist 
for  the  two  basic  families  of  shear  modes  in  lithium  tantalate 
(2).  They  are  represented  as  a  function  of  the  plate  orientation , 
for  the  fast  and  the  slow  shear  inodes,  in  Figure  1  and  2.  In  these 
figures  the  plate  orientation  is  located  by  the  two  polar  angles 
a  and  [3  defining  the  orientation  of  the  normal  to  the  plate. 

For  the  fast  shear  modes  (B  mode)  (Figure  1)  the  most 
important  zero  F.T.C.  locus  is  that  situated  around  the  X  cut. 
These  orientations  provide  a  very  high  coupling  coefficient  In 
this  case  the  thermal  compensation  for  the  resonance  frequency 
is  obtained  due  to  a  large  negative  value  of  the  first  order  T.C. 
of  the  coupling  coefficient  (£).  This  compensation  disappears 
for  the  overtones  (Figure  1).  The  second  locus  of  zero  F.T.C.  is 
situated  around  the  Y  rotated  cuts,  it  exists  for  the  fundamental 
mode  and  the  overtones,  but,  requires  the  use  of  doubly  rotated 
plates.  For  the  slow  shear  mode  (C  mode)  two  loci  of  zero  first 
order  temperature  exist,  one  is  around  the  Z  cut,  the  second  is 
close  to  the  Y- 10*  cut  (Figure  2).  For  a  conventional  excitation 
by  a  field  in  the  direction  of  the  normal  to  the  plate,  doubly 
rotated  cuts  are  required  to  have  a  non  zero  coupling  coefficient. 

Using,  the  same  representation,  level  curves  for  the  elec¬ 
tromechanical  coupling  coefficient  are  displayed  for  the  fast 
shear  (B  mode)  and  the  slow  shear  (C  mode)  in  Figures  3  and  4 
(2). 

in  -  DEVICES  USING  THE  FUNDAMENTAL 
MODE 

The  most  interesting  cuts  are  those  near  the  X  one.  For  these 
cuts  the  coupling  coefficient  is  about  45  %  and  the  frequency 
constants,  without  mass  loading,  are  near  2000kHz.mm. 
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TABLE  I:  PROPERTIES  OF  THE  X  CUT 


MOD 

E 

u 

VELOC 

ITY 

C(MKSA) 

k 

T.CIFr 

if1] 

TCIFa 

TC2Fr.I 

i°c'2i 

TC2Fa 

1°C'2) 

Fr,*2h 

B 

4212  m/s 

1.323  10" 

45,1  % 

+4,0  10* 

-44.10* 

114.10’ 

■ 

u,=0.0 
u2=0.8181 
u, =0.5749 

3368  m/s 

0,845  10" 

3,5% 

-63.10* 

_ 

1683 

(kHz.  mm) 

On  Figure  5  are  represented  the  most  important  properties 
of  the  B  mode  of  X  rotated  cuts  (around  the  y  axis).  A  typical 
frequency  spectrum  of  an  X  cut  resonator  is  given  on  Figure  £. 
It  can  be  noticed  that  the  C  mode  is  also  excited  but  has  a  rather 
low  coupling  coefficient.  The  properties  of  the  B  and  C  modes 
of  fundamental  X  cut  resonators  are  given  in  table  I. 


Figure  6:  Frequency  spectrum  of  an  X  cut  plate. 


III.1  -  Conventional  X  cut  resonators 

The  Q  factors  of  X  cut  resonators  using  the  fundamental 
mode  are  very  low,  in  most  cases  in  the  range  of  a  very  few 
thousands.  This  is  one  of  the  main  concern  with  this  type  of 
resonator  (  particularly  for  applications  to  filters  with  bandwith 
lower  than  1  %);  one  other  concern  being  the  possibility  to  have 
unwanted  responses  near  the  resonance  or  the  antiresonance  not 
due  to  anharmonic  modes  (as  for  other  materials,  the  anharmonic 
modes  can  be  suppressed  by  the  choice  of  proper  dimensions 
for  the  electrodes  ,  a  proper  mass  loading  and  the  fulfilment  of 
certain  conditions  of  symmetry). 

An  examination  of  the  vibration  mode  of  such  resonators 
was  made  by  stroboscopic  X  ray.  topography  using  synchrotron 
radiation  £2)  1ST  This  method  allows  to  determine  the  compo¬ 
nents  of  the  displacement  uk  (x„  x2,  x„  t)  provided  they  have  an 
eia>  time  dependence  where  to  is  the  angular  recurrence 
frequency  of  the  synchrotron  radiation.  These  experiments  were 
made  with  X  cut  fundamental  resonators  having  a  resonance 
frequency  equal  or  close  to  1 2667 1 20  Hz  or  15846400  Hz,  using 
the  white  radiation  of  D.C.I  at  the  L.U.R.E  (ORS  AY-FRANCE). 
The  time  resolution  obtained  is  1  ns  and  the  spatial  resolution 
in  the  order  of  some  ten  microns  depending  mostly,  in  this  case, 
on  the  absorbtion  and  the  perfection  of  the  material.  Some  of 
the  topographs  obtained  are  displayed  in  Figure  2  and  £• 

On  figure  7a  is  displayed  mostly  the  main  component  of  the 
tnickness  shear  displacement  (component  u,  in  the  direction  of 
the  u  vector  given  in  table  1  for  the  B  unidimensional  mode). 
This  topograph  was  obtained  using  the  stroboscopic  technique 
;  it  can  be  observed  that  the  conventional  trapped  shear  mode 
observable  at  the  center  of  the  plate  is  coupled  to  a  plate  mode 
extending  up  to  the  edge  of  the  plate.  On  Figure  7b  is  represented 
a  conventional  topograph  obtained  in  the  same  electrical  and 
diffraction  conditions  (with  integration  over  the  time  of  u  (x„ 
x2,  Xj,  t).  The  coupled  plate  mode  can  no  longer  be  observed  in 
these  conditions.  This  means  that  Ibis  plate  mode  is  not  a 
standing  wave  but  a  progressive  one.  It  was  directly  verified  in 
similar  cases,  by  a  video  imaging  technique  using  the  strobo¬ 
scopic  effect  provided  by  a  slow  shift  of  the  relative  phase 
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Figure  7:  Stroboscopic  topographs. 


between  the  X  ray  pulses  and  the  excitation  current,  that  the  plate 
waves  were  travelling  from  the  electroded  region  towards  the 
mounting  clips  of  the  resonator.  On  figures  7c  and  7d  are  dis¬ 
played  respectively  a  stroboscopic  and  a  time  integrated  topo¬ 
graph  representing  a  linear  combination  of  the  two  shear 
components.  Again  it  appears  that  the  plate  coupled  mode  is  a 
progressive  one.  In  this  case  (  corresponding  to  the  same  res¬ 
onator  as  in  figures  7a  and  7b),  it  appears  that  the  second  pro¬ 
gressive  component  has  a  very  large  amplitude. 

On  figure  S  are  represented  3  stroboscopic  topographs  that 
display  the  following  components  of  the  vibration  mode 

-  On  figure  fia  is  displayed  a  linear  combination  of  the  u 2  and  w, 
components  of  the  mode  (mostly  «,). 

-  On  figure  fib  is  displayed  a  linear  combination  of  the  u,  and 
u?  (mostly  «,). 

-  On  figure  Sc  we  have  a  linear  combination  of  the  three  com¬ 
ponents  of  u . 


[Where  the  u,  are  the  projections  of  the  observed  mode  on  the 
three  (orthogonal)  eigen  vectors  representing  the  displacement 
(polarization)  of  the  three  one  dimensional  thickness  modes  of 
an  X  plate  (the  axis  x„x2,Xj  corresponding  respectively  to  the 
displacements  of  the  B,  A,  and  C  modes]. 

From  these  observations  it  can  be  inferred  that  the  coupled 
plate  mode(s)  have  in  this  case  3  non  negligible  components. 
Other  observations  made  on  about  10  resonators  with  different 
designs,  have  indicated  that  the  u2  and  «,  components  are,  in  all 
the  observed  cases,  progressive  waves.  Also  it  is  possible  to 
observe  that  the  lateral  anisotropy  of  the  stationary  pan  of  u, 
(which  corresponds  to  the  usually  considered  vibration  mode  of 
a  trapped  energy  resonator  using  the  B  mode)  is  non  negligible. 

The  trapped  part  of  the  mode  extends  more  on  the  direction  x' 
of  its  polarization  than  on  As  indicated  by  the  theories  (9) 
(10)  (1 1),  this  component  displays  an  elliptical  shape. 
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One  important  thing  to  notice  in  ih£  very  large  amount  d 
elastic  energy  relative  to  the  progressive  (but  with  a  large 
standing  wave  ratio)  components.  From  the  plate  theories 
established  by  Professors  Nlindlin,  Tiersten  and  Lee,  it  is 
believed  that  these  progressive  components  can  become  res¬ 
onant  (standing  waves)  at  some  frequencies  but  probably  in  a 
system  including  more  that  the  plate  (plate  +  mounting  clips  ?+ 
holder  ?  +  ....?).  We  believe  also  that,  when  they  are  resonant, 
they  are  the  cause  of  the  activity  dips  and  of  the  parasitic 
responses  observed  in  many  cases  near  the  resonance  of  the  B 
mode.  To  get  further  insight  on  this  question,  an  absorbing 
compound  was  put  on  the  periphery  of  an  X  rut  resonator  to 
absorb  at  least  in  part  the  plate  waves.  On  Figures  2a  aihl  2J2  are 
represented  the  electrical  responses  of  the  resonator  without 
ahsorbant  and  with  absorbant.  On  Figure  2£.  the  difference 
between  these  two  responses  is  displayed.  The  obtained  curve, 
which  is  a  representation  of  the  absorbed  energy  as  a  function 
of  frequency  (to  be  corrected  proportionally  to  S2,  of  Figure  2a) 
has  a  discrete  structure.  In  this  Figure  each  peak  of  energy 
absorption  corresponds  much  probably  to  a  resonant  coupled 
plate  mode. 


II  1.2  -  Miniature  bar  shaped  thickness  shear  resonators 

In  the  present  state  of  the  theory  it  seems  very  difFicult  to 
Find  a  mean  to  avoid  any  coupling  to  plate  modes  for  the  X  cut 
resonators  of  conventional  design;  principally  because  the  very 
large  coupling  coefFicient  leads  to  have  a  large  amplitude  of 
vibration  over  a  very  large  frequency  range. 

If  one  of  the  lateral  dimensions  of  the  plate  is  greatly  reduced, 
the  spacing  of  many  of  the  plate  modes  can  be  enlarged  so  that 
the  probability  of  coupling  can  be  reduced.  An  experimental 
invesbgation  of  such  bar  resonators  was  made.  Our  experiments 
have  conFirmed  (12)  that  it  is  possible  by  a  choice  of  the  •.  '! 
dimensions  of  the  bars  to  achieve  greater  Q  factors  tha.  *th 
conventional  X  cut  resonators.  A  gain  of  a  factor  about  four  was 
achieved.  The  shape  of  such  resonators  is  indicated  in  Figure  ID 
We  have  chosen  to  put  the  length  along  the  je,  axis  previously 
deFined  to  have  rectangular  electrodes  with  a  lateral  anisotropy 
similar  to  that  observed  experimentally.  This  choice  was  also 
dictated  by  the  observation  in  plates  of  coupled  modes  looking 
like  flexure  modes  with  their  nodal  lines  in  the  x ,  direction. 
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START  8  000  000  MHz  STOP  12  000  000  MHz 


\  .1 


Figure  10:  Bar  shaped  resonator. 


During  this  investigation  it  was  observed  that  mode  coupling 
can  occur  near  the  resonance  of  the  main  mode  for  improper 
width  (Figures  1  la  and  1  lb),  that,  above  a  certain  value,  the 
length  is  not  an  important  parameter,  and  also  that  the  anhar- 
monic  spectrum  of  the  resonator  remains  mainly  dependant  of 
the  electrode  dimensions  (Figure  1  lc).  The  maximum  observed 
Q  factors  were  in  the  range  of  6000.  The  experimental  obser¬ 
vations  have  suggested  that  much  better  values  of  the  Q  factor 
could  be  obtained  using  some  modification  of  the  geometry.  A 
theoretical  analysis  of  the  vibration  modes  of  such  devices  is 
currently  being  made  using  the  latest  developments  of  the 
theories  of  piezoelectric  plates.  On  the  whole,  this  type  of  res¬ 
onators  have  the  interest  to  give  enhanced  Q  factors  and  also  to 
use  much  less  material  by  resonator  function  than  conventional 
resonators. 


Figure  9:  Effect  of  an  acoustic  absorbam. 


Figure  1  la 
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Figure  lib 


IV  -  DEVICE  USING  OVERTONE  MODES 

The  overtone  modes  of  cuts  with  a  high  coupling  coefficient 
display  a  much  higher  Q  factor  than  the  fundamental  mode.  They 
have  an  "effective  coupling  coefficient"  that  can  reach  15  %. 
We  have  previously  shown  that  for  conventionally  designed 
resonators,  a  thermal  compensation  can  be  obtained  using 
doubly  rotated  cuts  (4).  Other  designs  can  be  found  to  obtain 
overtone  resonators  with  a  zero  F.T.C.,  several  will  be  discussed 
in  the  following. 

IV.  1  *  Doubly  rotated  cuts  with  zero  T.C.  for  the  overtone 

The  properties  of  cuts  near  the  second  locus  of  zero  T.C.  of 
the  B  mode  were  examined.  It  was  noticed  that  quite  large 
coupling  coefficients  can  be  obtained.  But  since  the  three 
thickness  modes  are  excited  in  these  cuts  they  are  not  very 


Figure  12:  Thermal  behaviour  of  doubly 
rotated  cuts  (Experimental). 


Figure  13:  Thermal  behaviour  of  doubly 
rotated  cuts  ( computed). 


favourable  for  filter  applications,  unless  a  method  to  eliminate 
certain  of  these  modes  is  applied.  In  figures  12  and  12  aTt 
represented  experimental  and  computed  thermal  behaviours  for 
several  cuts  belonging  or  near  this  locus. 

IV.2  -  Overtone  resonators  using  a  T.C.  compensating 
layer 

This  type  of  compensation  is  mostly  used  for  surface  wave 
devices  (13)  for  which  it  is  difficult  to  find  materials  having 
simultaneously  a  zero  T.C.  and  a  large  coupling  coefficient.  In 
the  case  of  high  frequency  bulk  wave  resonators  this  method  is 
also  interesting  since  the  thickness  of  the  compensating  layer  is 
compatible  with  the  existing  techniques  of  film  deposition.  The 
most  appropriate  material  for  a  compensating  layer  is  the 
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f  igure  14:One  resonator  excited. 

amorphous  silica  (and  also  probably  the  amorphous  aluminium 
phosphate).  The  largely  positive  T.C.  of  silica  (70  to  80 .  1  ()”*(_'’ 
for  the  shear  waves)  is  sufficient  to  compensate  the  moderately 
negative  T.C.  of  the  third  or  of  the  filth  overtone  of  cuts  of  lithium 
tantalate  with  high  coupling  coefficients.  Again  in  this  case  the 
most  appropriate  cuts  are  those  around  the  X  cut  which  have  a 
first  order  T.C.  around  -40  10  **C’  for  the  third  overtone. 

1*0) Denies  of  the  third  overtone  of  the  X  cut. 

The  Q  factor  of  the  third  overtone  mode  of  X  cut  resonators 
is  much  higher  than  that  of  the  fundamental  mode  (in  the  range 
10*  to  510*)  and  the  response  presents  much  less  coupling  to 
plate  modes.  It  was  found  using  stroboscopic  X  ray  topography 
that  the  lateral  anisotropy  of  this  mode  is  much  greater  than  for 
the  fundamental  mode  (Figure  14).  The  very  small  lateral 
dimensions  of  the  electrodes  required  to  trap  no  anharmonics 
make  possible  to  integrate  several  resonators  on  the  same  plate 
(Figure  15).  In  this  case  to  avoid  any  coupling  betwen  the  res¬ 
onators  by  the  plate  mode  (Figure  16)  it  is  necessary  to  use  some 
form  of  acoustic  isolation  between  the  resonators. 


Figure  17  (a)  :  Response  of  2  integrated  resonators 


Figure  16  I  liter  excited 

An  example  of  electrical  response  of  resonators  integrated 
on  one  plate  is  given  in  Figure  17a  the  response  of  a  2  Poles 
Jaumann  filter  using  similar  integrated  resonators  is  given  on 
Figure  17b.  The  3  dll  bandwith  of  this  filter  is  1 50k.ll/. 


Figure  17  (b):  Response  of  an  integrated  filter 


IV.3  -  Modelisation  of  composite  compensated  resona¬ 
tors 

As  it  was  observed  i  Figure  1 4  and  1 6 )  that,  w  hen  no  coupling 
to  plate  modes  are  present,  the  vibration  mode  of  overtone 
resonators  is  extremely  confined,  the  analysis  was  conducted 
assuming  a  one  dimensional  propagation  in  the  different  layers 
(compensating  material,  electrodes,  lithium  tantalate)  consti¬ 
tuting  the  composite  resonator  (Figure  18).  This  assumption  is 
sufficient  for  the  purposes  of  finding  a  compensated  design  and 
also  to  have  approximate  values  of  the  equivalent  scheme. 

The  model  can  take  into  account  all  the  layers  constituting 
the  resonator  and  the  effect  of  gas  loading  (by  viscosity  for  the 
shear  modes)  on  the  external  surfaces.  It  uses  exacts  solutions 
of  one  dimensional  piezoelectricity  for  the  piezoelectric 


Figure  15: Integrated  filter 
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Figure  18:  Compensation  by  a  Silica  layer. 

materials  and  of  elasticity  for  the  electrode  layers  and  the 
compensating  material.  The  acoustic  and  dielectric  losses  in  any 
material  are  taken  into  account  using  imaginary  parts  for  the 
constants  (C  or  e)  of  the  material.  The  model  uses  a  chain  matrix 
formalism  (Figure  191  based  upon  the  electromechanical  chain 
matrix  (4x4)  proposed  by  Sittig  (14).  The  obtained  result  is  the 


4<4chain  matrix 

ISitlig) 

LAYER  n-l  LAYER  n  LAYER  n.i 


Figure  19:  1  D.  Modelization  of  composites. 


electrical  impedance  of  the  resonator,  from  the  impedance 
computed  as  a  function  of  frequency,  the  zero  phase  resonance 
frequencies  are  searched  for  by  the  program.  Since  the  tem¬ 
perature  coefficients  of  all  the  quantities  are  considered,  it  is 
possible  to  compute  the  temperature  coefficients  of  the 
resonance  frequencies  (This  is  done  calculating  the  resonance 
frequencies  for  5  to  10  temperatures  and  then  by  extraction  of 
the  temperature  coefficients  by  a  polynomial  least  square  fitt¬ 
ing).  The  corresponding  computer  program  was  used  to  analyse 
the  most  interesting  structures  for  our  application.  It  was  found 
that  it  is  possible  to  consider  either  the  symmetrical  or  the  non 
symmetrical  structures.  The  non  symmetrica]  structures  have 
the  property  to  have  a  strong  resonance  (if  the  non  symmetry  is 
sufficient)  on  the  second  overtone  (and  more  generally  on  even 
overtones).  In  this  case,  it  is  appeared  that  the  T.C.  of  the  lithium 
tantalate  layer  is  compensated  by  a  small  layer  of  silica.  The 
symmetrical  structures  operating  on  the  third  overtone  have  the 
interest  to  permit  the  obtention  of  very  large  bandwith  (large 
resonance-antiresonance  spacing)  two  examples  of  calculated 
response  for  composite  resonator  are  given  on  figures  2Q  add 
21- 


Figure  20  :  Example  of  a  computed  response 


724  72  6  72  8  710 

Figure  21  :  Other  example  of  a  computed  response 


IV.4  •  Overtone  resonators  using  the  lateral  excitation 

A.  Ballato  (15)  (16)  (17)  has  demonstrated  the  interest  of 
using  the  lateral  excitation  to  obtain  sevcrall  interesting  prop¬ 
erties  with  the  thickness  mode  resonators  (excitation  of  modes 
which  are  non-piezoelectric  using  the  conventional  design, 
selection  of  only  one  thickness  mode  in  a  cut  etc...).  Due  to  the 
high  values  of  the  dielectric  constant  and  of  the  coupling 
coefficients  (the  lateral  coupling  coefficients  are  also  very  high), 
the  use  of  lateral  field  excitation  is  more  interesting  in  lithium 
tantalate  than  in  any  other  known  compensated  material.  The 
principle  of  lateral  field  excitation  is  recalled  in  figure  22. 
Different  types  of  resonators  were  made  using  different  design 
to  obtain  an  energy  trapping.  Very  interesting  results  have  been 
obtain  using  plano-convex  resonators.  In  table  II  are  given  the 
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In  table  II  we  observe  that  overtones  with  very  high  ranks 
have  exceptionally  large  O.f  products  and  have  also  very 
favourable  characteristics  for  use  in  oscillator  circuits.  Their 
impedance  level,  even  for  the  26th  overtone  are  much  more 
favourable  than  the  5"1  overtone  of  an  AT  quartz  plano-convex 
resonator.  These  measurements  are  a  confirmation  of  the 
observations  made  in  the  GHz  frequency  range  which  have 
indicated  extremely  low  acoustic  propagation  losses  for  this 
materia]  and  an  intrinsic  Q.f  product  higher  than  30  10u  (3). 

Several  response  curves  obtained  for  the  overtones  of  one 
Y-32'56  resonator  are  shown  on  figure  23-  It  was  also  observed 
that  these  resonators  were  able  to  withstand  extremely  high 
excitation  levels  before  that  the  electrical  response  shows  a  slight 
form  of  non  linear  behaviour.  All  these  properties  make  them 
very  attractive  to  obtain,  by  direct  generation  in  the  range  from 


Figure  22:  Lateral  Field  excitation. 

measured  characteristics  of  a  resonator  using  the  B  mode  of  the 
Y-32*56*  cut.  This  cut  is  very  close  to  the  second  locus  of  zero 
T.C.  for  the  B  mode.  As  can  be  observed  in  figure  3  this  mode 
is  not  excited  with  an  electric  field  normal  to  the  plate. 

TABLE  II 

-32”56’  PLANO-CONVEX  RESONATOR  (L.E.) 
2h=l,5mm  R  =  150  mm 


Figure  23  (a):  Responses  of  a  plano-convex  resonator  [LE], 
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Figure  23  (b):  Responses  of  a  plano-convex  resonator  [LE]. 


a  few  MHz  to  over  1 50  MHz,  oscillators  with  outstanding  phase 
noise  properties  (18).  The  response  curves  for  different  excita¬ 
tion  levels  of  the  overtone  of  a  Y-32'56’  resonator  are  displayed 
in  figure  24.  Other  preliminary  experiments  with  L.E.  plane 
resonators,  using  the  z  cut,  have  indicated  the  possibility  to  have 
a  sufficient  "effective  coupling  coefficient"  to  obtain  the 
required  bandwidth  for  the  I.F.  filter. 


CENTER  21.039  004  MHZ  SPAN  .002  900  MM* 


Figure  24:  Influence  of  the  excitation  level. 


V  -  CONCLUSION 

Several  conventional  and  new  types  of  resonators  using 
lithium  tantalate  where  investigated  in  view  to  define  the  most 
interesting  solutions,  using  this  material,  to  make  I.F.  Filters 


having  the  characteristics  required  by  the  new  numerical  pan 
European  radiotelephone  system  (G.S.M.).  Beside  several 
conclusions  relative  to  this  specific  question,  these  investiga¬ 
tions  have  revealed  many  new  features  of  the  considered 
devices. 

Among  them,  the  most  important  points  are  : 

-  The  Q  factor  limitation  by  couplings  to  dissipating  plate 
modes  of  the  devices  using  a  conventional  design  and  the  fun¬ 
damental  mode 

-  The  possibility  to  obtain  high  frequency  overtone 
resonators  and  integrated  filters  with  a  zeroT.C.  using  composite 
structures. 

-  The  major  interest  of  lateral  field  excitation  in  devices 
using  this  material  and  the  outstanding  characteristics  obtained 
with  overtones  of  very  high  ranks. 

This  study  has  confirmed  that  due  to  its  energy  trapping 
characteristics,  lithium  tantalate  is  particularly  adapted  to  obtain 
extremely  miniaturized  integrated  devices  and  also  that  several 
new  interesting  solutions  to  realize  the  I.F.  Filters  for  the  G.S.M. 
radiotelephone  system  can  be  implemented  using  this  material. 
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FORTY- FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


LINEAR  PHASE  FILTERING 

B.  O'ALBARET  -  L.  BIOART  -  6.  SILLIOC 

0  K  PIEZOELECTRONIQUE 
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SUNNARY 

Digital  Communication  processing  is  pla¬ 
cing  the  importance  of  the  linearity  informa¬ 
tion  in  a  prominent  position. 

Today  reliability  as  well  as  the  rapidi¬ 
ty  of  transmissions  widely  depend  on  the  phase 
linearity  or  on  the  constant  group  delay  in 
filtering  systems. 

Concerning  classical  filters,  it  appears 
that  linear  phase  is  incompatible  with  selecti¬ 
vity.  Most  of  the  time,  it  is  necessary  to 
find  the  best  compromise  between  these  require¬ 
ments. 

Whatever  might  be  the  system,  the  purity 
of  the  output  signal  and  selectivity  remain 
two  very  important  parameters.  It  is  important 
to  keep  them  in  all  environmental  conditions 
and  especially  during  vibrations. 

INTRODUCTION 

This  presentation  draws  up  the  inventory 
of  the  different  types  of  linear  phase  Xtal 
filters  and  the  ways  in  which  they  can  improve, 
control,  correct  the  phase  linearity  so  that  they 
obtain  a  group  delay  adapted  to  needs  of  up  to 
date  electronic. 

Theoritical  possibilities  and  practical 
limitations  afforded  by  different  polynomial  or 
elliptical  filters  will  be  discussed  as  well  as 
the  correction  which  can  be  made  by  equalizers. 

Finally  phase  noise  measurements  of 
different  types  of  filters  under  vibrations 
will  be  presented. 

CONPARISON  BETWEEN  DIFFERENT  TYPES  OF  FILTERS 

With  classical  approximations,  it  appears 
that  linear  phase  is  incompatible  with  selecti¬ 
vity.  In  order  to  compare  the  different  approxi¬ 
mations,  we  have  chosen  a  6  poles  Xtal  filter 
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with  5  types  of  transfer  function  : 

1.  Butterworth 

2.  Tchebycheff  with  0.1  dB  of  ripple 

3.  Bessel 

A.  Linear  phase  with  equiripple  0.5° 

5.  Semi  linear 

Fig.  1  shows  the  5  types  of  attenuation 
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The  following  Table  1.  compares  the 
different  attenuations  and  group  delay  variations 


Table  1. 


FUNCTION  TYPE 

K  60/3 

dT/t  60  1 

dt/t  ioo  « 

Butterworth 

3.2 

20 

66 

Tchebycheff  0-1  dB 

2.3 

25 

150 

Beeeel 

5.4 

0 

0 

Linear  equirlpple  O.S* 

4.4 

4 

4 

Seal  linear 

2.6 

2 

125 

K  is  the  shape  factor,  i.e.  the  ratio  : 

60  dB  BW/3  d8  8W. 

dZ/Z  is  the  relative  variation  ofthe  youp 
delay  for  60  %  or  100  X  of  the  3  d8  bandwidth  . 

If  we  observe  the  4  first  lines,  we  can  see 
that  the  shape  factor  is  bad  when  the  group  delay 
variation  is  good,  so  it  was  necessary  to  find  a 
solution  between  both. 

COMPROMISE 

Ii  order  to  preserve  a  constant  group 
delay  in  part  of  the  bandwidth,  while  preserving 
relatively  high  selectivity,  special  transfer 
function  have  been  developed  :  these  filters 
called  semi-linear  filters  present  a  constant 
group  delay  in  part  of  the  3  dB  bandwidth,  this 
is  called  the  usefull  bandwidth.  It  is  like  a 


Rf.F  ueveu  /otv 
. „  1,00009 
,  ,33*  ( to.  oqotff ej 


C0W9TRNT  GROUP  DELAY  FILTER] 


Ff»  »  90  MHz 

dB  >  11  kHz! 


55  dP  <  +/-  56  kHzf 
..Group  do  I  >y  variation* 

<  -V/-5  v*  ovar  ♦/-  MkHz 


CJ6NTER  ea  see  375.  ooohz 

AMPTO  Q.  QdQn 


SPAN  40  OOO.  OOOHz 


Fig  3 


Bessel  filter  for  this  part  of  band,  but  with 
an  out  of  band  attenuation  like  a  Butterworth 
filter. 

As  we  can  see  on  the  table,  the  "semi- 
linear"  filter  is  sharper  that  the  other  2 
linear  filters.  Its  group  delay  is  completely 
constant  on  the  usefull  bandwidth  (60  X  of  the 
total  bandwidth  ). 

Fig.  3  shows  the  real  curves  of  a  6  po¬ 
les  90  MHz  Bessel  filter  using  6  quartz  resona¬ 
tors.  The  group  delay  is  constant  over  all  the 
3  dB  BW  +  14  KHz,  we  observe  a  variation  of  3^.s 
for  an  absolute  group  delay  of  32  ^s,  i.e.  10  X. 

Fig.  4  presents  the  practical  realiza  - 

tion. 


Fig.  5  shows  a  "  semi-linear  "  6  poles 
filter  at  21.380  MHz  (  6  dB  8W  5.  +  13  KHz  )using 
3  monolithic  resonators.  The  group  delay  is 
constant  over  60  X  of  the  bandwidth  :  Jr/r  4  3^,5 
over  +  8.5  KHz,  i.e.  a  variation  $  5  X. 

Fig.  5  and  6  show  a  shape  factor  60/6  dB  of  2.3. 
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Fig  5 
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Fig  6 

FEASIBILITY 

For  a  Xtal  filter,  the  maximum  realiza¬ 
ble  relative  bandwidth  is  approximately  for 
quartz  :  0.3  X.  8ut  this  value  is  only  available 
for  non  linear  filters. 

For  a  linear  filter,  it  is  necessary 
to  take  into  account  twice  the  real  bandwidth 
(  in  fact  the  resonators  frequencies  are  twice 
as  far  apart  as  usual  ). 


Therefore,  filters  which  were  realizable 
in  quartz  with  a  Butterworth  or  Tchebycheff  func 
tion  are  no  longer  feasable  with  linear  phase 
function  if  the  relative  bandwidth  is  greater 
than  0 . 1 5  X. 

In  this  case,  the  Lithium  Tantalate  can 
be  used.  It  allows  us  to  go  up  to  5  X  of  relati¬ 
ve  bandwidth  (  2.5  X  for  linear  filters  ). 

EQUALIZERS 

Sometimes,  the  attenuation  conditions 
are  so  hard  that  it  is  impossible  to  use  a  tra¬ 
ditional  function. 

A  typical  application  is  the  Single  side 
Band  filter  where  2  schemes  are  employed  : 

-  a  scheme  in  ladder  with  resonators  in 
series  and  in  parallel  (  see  Fig. 7  ) 


All  these  filters  present  several 
poles  of  infinite  attenuation  and  are  very  sharp, 
i.e.  a  shape  factor  K  60/3  dB  less  than  1.5. 

Of  course,  for  such  filters,  the  group  delay  is 
basically  distorded. 

for  certain  application,  it  is  in  fact 
necessary  to  obtain  a  relatively  constant  group 
delay . 

In  this  case,  we  use  a  second  filter 
called  equalizer  which  follows  the  first.  It 
presents  a  very  flat  attenuation  in  the  bandwidth 
in  order  to  preserve  the  attenuation  curve  of  the 
first  filter. 

furthermore,  it  has  a  group  delay  oppo¬ 
site  to  the  first  in  order  to  obtain  by  the 
sum  the  flattest  possible  variation  of  group 
delay. 

The  typical  curves  of  attenuation  and 
group  delay  of  a  network  "pass  all",  i.e.  a  net¬ 
work  which  changes  the  phase  but  not  the  atte¬ 
nuation,  with  the  use  of  Xtal  resonators  is 
given  fig.  9. 


Fig  10 


If  the  correction  of  the  group  delay  is 
not  enough  sufficient,  of  course  2  cells  in 
series  can  be  used. 

Ex  1  :  Picture  11  shows  a  10  MHz  filter 
S.S.8.  made  with  a  ladder  scheme  using  13  quartz 
resonators. 
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To  obtain  such  network,  it  is 
necessary  to  make  the  synthesis  of  a  non 
minimum  phase  function,  so  called,  if  it  has 
zeros  in  the  right  half  part  of  the  complex 
plan. 

A  synthesis  program  gives  us  all  the 
values  of  the  elements  for  a  bridge  network 
(  the  Jaumann  scheme)  with  2  Xtals  in  parallel 
in  one  arm  (  see  fig.  10  ). 


The  specification  was  3  dB  BW  ^  +  6  KHz 
Group  delay  variation  in  the  BW  +  5  KHz 
less  than  200  ^»s. 

We  can  observe  on  the  curve  1  of  fig.  12 
and  13  the  theoritical  simulation.  The  variation 
of  the  group  delay  makes  280  s,  therefore  it  is 
necessary  to  correct  a  minimum  of  100^/s  with 
an  equalizer. 

One  cell  has  been  calculated  and  the 
theoritical  curve  can  be  seen  on  curve  2  of 
Pig.  13.  Curve  3  shows  the  results  of  the  two 
filters  in  series  after  simulation  on  computer. 
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Fig.  12  and  13 
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Curve  1  of  Fig.  17  and  18  shows  the  theo- 
ritical  simulation  of  the  filter  which  makes 
5  yu.s  of  variation  at  extremities  of  the  band¬ 
width  . 

An  equalizer  has  been  calculated  with  a 
correction  of  5  y(.s  (  curve  2  of  Fig.  18  ). 

Curve  3  shows  the  result  of  the  two 
filters  in  series,  the  group  delay  variation  is 
less  than  1.5  ns. 
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Fig.  17 


Currently,  we  know  that  this  phenome¬ 
non  is  mainly  in  relation  with  the  following 
parameters  : 

-  raw  material  type  (SiO^  ,  LiTaO^..) 

-  cut  (  AT,  8T,  SC. . . ) 

-  adhesion  of  metallisation  to  the 
crystal  wafer 

-  number  and  geometrical  position  of 
the  mounting  points 

-  length  and  rigidity  of  these  points. 
The  following  part  of  this  paper  aims  to  descri¬ 
be  method,  tests  and  results  currently  achieved 
in  QKP. 

MEASUREMENTS  OF  "ACCELEROMETRIC  SENSITIVITY" 

ON  RESONATORS 

a)  SYSTEM  DESIGN  (  See  Fig.  19  ) 


b)  THEORY 

Associated  to  an  oscillator,  the 
resonator  is  submitted  to  a  given  frequency  and 
acceleration  in  sinusoidal  mode. 

The  "g  sensitivity"  of  the  resonator  , 
when  submitted  to  vibrational  input,  generates 
sidebands  on  the  output  spectrum  of  the  oscil¬ 
lator. 


Knowing  the  level  of  these  sidebands 
we  can  calculate  the  modulation  index  (m)  and 
the  phase  variation  ( Fc ) .  By  definition  the 
"g  sensitivity"  is  defined  by  : 


££<75  = 
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where  : 


S  =  df/Fo  "  g  sensitivity"  for  the  reso¬ 
nator 

g  =  mechanical  acceleration  level 
Fo=  oscillator  frequency  output 
fm=  vibrational  frequency 


This  formula  is  used  for  a  modulation  index  (m) 

*  0,01. 

For  a  modulation  index  (m)  ^  0,01  it  is  necessa¬ 
ry  to  use  "  Bessel  functions  ". 

To  calculate  "  g  sensitivity  "  in  random  mode 
the  following  formula  is  used  _ 

<s £  c/A/fle-  -  ^JO 

and  $  ,  J 


JU© 


L_ 


The  acceleration  is  defined  as  g  / Hz,  but  it  has 
to  be  redefined  as  g  RMS  by  Hz. 


c)  RESULTS 

Table  2  summarizes  some  experimental 
figures  realized  by  QKP  : 


I  MU.  2 

Resonator  Accelcroaetr ic  Sensiti 


5  NH  i 

10  NH; 

20  NH* 

t  O  NH  i 

- - r-M 

100  NH? 

P  1 

3.10  9 

3.1 0~9 

1 .10  9 

1.10  8 

1.10  8 

*'cur 

P  3 

- 

- 

s.io'0 

s.io-'0 

3.10-'0 

P  5 

i.lo'9 

1.10'9 

- 

s.io10 

3.10-'° 

+- 

.  .  -10 

.  .  -10 

.  .  -10 

.  -10 

oe 

P  3 

- 

1.10 

1.10 

1.10 

1.10 

0  T 

CUT 

P  5 

_ 

3. 10" 10 

9 

.  ..-10 

.  ..-9 

.  -10 

.  -10 

SC 

P  3 

7.10 

1.10 

1.10 

1.10 

CUT 

P  5 

- 

- 

" 

- 

n 

o 

X  CUT 

P  1 

-9 

2.10 

1.10-8 

s.io8 

-j 

vity 


This  table  shows  that  performance  degrada- 
dation  occurs  as  resonators  get  thinner  in  quartz 
as  well  as  in  LiTaO^. 
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FILTER  PHASE  NOISE  MEASUREMENTS  ORDER 
MECHANICAL  VIBRATIONS 

a)  By  definition,  ue  suppose  that 
mechanical  design  (  can,  printed-board,  fixa¬ 
tions...)  as  nell  as  test  fixtures  (mechanical 
interface,  cables,  ...)  have  been  optimized  in 
such  a  manner  that  mechanical  Q  is  the  nearest 
possible  to  1. 

All  measurements  listed  below  have 
been  defined  for  a  random  acceleration  level  of 
0.02  g2/Hz  from  20  Hz  to  2000  Hz  (  see  Fig  20) 
and  given  for  the  worst  vibration  axis. 


C2/KZ  lAftL  EFF-  6.67  0  OF-  3.91  M2 

_  J=FFH  1  1  1  I  I  1  I  I  I  1  I  I  I  I  H 


b)  SYSTEM  DESIGN  (  see  Fig.  21) 


c)  DETAIL  OF  PHASE  NOISE  MEASUREMENT 
SYSTEM 

.  Description 

The  output  signal  of  the  filter  is  loc¬ 
ked  on  the  signal  of  a  QKP  reference  oscillator 
The  signal  error  V(F)  at  the  mixer  output  is 
proportional  to  the  phase  variations  (AFc) 

For  "Fourrier  frequency"  outside  of  the 
"lockingbandwidth"  V(F)  is  amplified  by  G  and 
measured  with  a  BF  analyser, 

where  :  G  =  Go  +  G1 

and  Go=  40  d8 

Gl=  tunable  from  1  to  40  dB 

If  B  is  the  analysis  Bandwidth  and  Vcc  is  the 
peak  to  peak  level  of  the  "mixing  voltage" 
between  the  two  signals,  the  system  calibration 
is  defined  as  follows  : 

Fig.  22  gives  the  skeleton  diagram  of  this 
measurement  system. 


Reference 
Osci 1 lator 
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RESULTS 


1.  5  MHZ  QUARTZ  FILTER(Btt3  =  3  KHZ 


Number  of  poles 
Raw  material 
Mode 

Technology 
^F/F  by  g 


Quartz 

AT  cut  Fundamental 
Standard  Xtal  HC  18  U 
1 . l0-9(see  table  2  ) 


For  results  see  Fig.  23. 


3.  TOO  MHZ  QUARTZ  FILTER  (BM3  »  TO  KHz) 

Number  of  poles  :  A 

Raw  material  :  Quartz 

Mode  :  Third  overtone  SC  cut 

Technology  :  Standard  TO  5 

^F/F  by  g  :  1.10-10  (see  table  2) 

For  results  see  Fig.  25 
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2.  20  KHZ  QUARTZ  FILTER  (BU6  =  26  KHz 


Number  of  poles  :  8 


Raw  material 
Mode 

Technology 
*  F/F  by  g 


Quartz 

AT  cut  Fundamental 
Monolithic  HC  45  U 
3.10-9  (see  table  2  ) 


For  results  see  Fig.  24. 
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Table  3  gives  a  summary  of  the  results 


100  Hi 

1000  Hz 

2000  Hi 

106  dB/H i 

126  dB/Hz 

132  dB/Hz 

85  dB/H z 

105  dB/Hz 

111  dB/Hz 

100  dB/Hi 

120  dB/Hz 

126  dB/Hz 

TABLE  3  - 

SUMMARY  OF  RESULTS 

CONCLUSION 


In  this  paper  we  have  exposed  the 
possibilities  which  exist  to  obtain  filters 
with  a  good  phase  linearity  and  a  good  phase 
noise  sensitivity  under  vibrations. 

If  the  phase  linearity  is  given  by 
the  right  choice  of  the  theoritical  transfer 
function  : 


-  linear  phase 

-  semi-linear  phase 

-  equalizer, 

the  phase  noise  sensitivity  under  vibrations 
depends  on  the  right  technological  choice  : 

-  filter  structure 

-  resonator  "g  sensitivity" 

A  filter  with  a  good  phase  linearity 
and/or  a  good  phase  noise  sensitivity  under 
vibrations,  leads  to  an  increase  in  volume 
and  price  and  also  to  a  bandwidth  restriction. 
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Summary 

In  this  paper,  the  two-dimensional  coupled  vibrations  of 
thickness-shear  and  flexure  in  miniature  rectangular  AT-cut 
quartz  resonators  are  theoretically  studied.  The  analysis  is 
based  on  Mindlin's  plate  equations.  To  calculate  the  mode  chart, 
a  one-dimensional  finite  element  technique  is  employed.  It  is 
shown  that  the  theoretical  curves  match  the  experimental  data 
well. 

1.  Introduction 

Strip  AT-cut  quartz  resonators  have  been  recently  developed 
and  widely  used  in  frequency  applications  because  of  their  small 
size  [1].  However,  the  spurious  characteristics  of  such  miniature 
rectangular  resonators  have  not  been  fully  understood.  The 
reason  for  this  seems  to  be  that  there  have  been  no  analytical 
and  numerical  approaches  to  circumvent  the  difficulties  in 
solving  the  two-dimensional  boundary- value  problem  of 
rectangular  AT-cut  plates-  This  paper  presents  a  method  to 
analyze  the  two-dimensional  coupled  vibrations  of  thickness- 
shear  and  flexure.  This  method  is  based  on  Mindlin's  two- 
dimensional  plate  equations  [2]  and  effectively  utilizes  a  one¬ 
dimensional  finite  element  technique. 

It  is  well  known  that  Mindlin's  plate  equations  have  formed  a 
basis  for  analyzing  the  thickness-shear  and  flexural  vibrations 
in  a  rectangular  AT-cut  quartz  plate.  The  equations  have  been 
successfully  applied  to  the  investigation  of  the  strong  spurious 
resonances  with  phase  reversals  along  the  X  axis  [3]-  However, 
two-dimensional  vibrations,  in  particular  unwanted  flexural 
vibrations,  depending  on  both  X-length  and  Z' -width  have  not 
been  fully  solved.  In  the  famous  work  of  Mindlin  and  Spencer  [4] 
they  have  omitted  the  contribution  of  the  second  thickness- 
shear  wave  with  the  predominant  strain  component  Sa3-  This  S33 
however  plays  an  important  role  in  studying  the  spurious 
characteristics  of  miniature  resonators.  In  fact,  Milsora  et  al-  [5] 
have  already  showed  that  the  second  thickness-shear  wave 
affects  the  main  resonance  characteristics  in  the  strip  resonators 
elongated  along  the  Z'  axis.  Lee  et  al-  [6]  have  included  the 
influence  of  S23  in  the  analysis  of  trapped  energy  resonators, 
but  the  use  of  two-dimensional  finite  element  technique  limits 
the  practical  application  of  their  method  to  the  analysis  of  the 
thickness-shear  family.  To  the  authors'  knowledge,  the  spurious 
characteristics  in  the  miniature  rectangular  resonators  still 
remains  to  be  solved  theoretically. 

In  this  paper,  an  efficient  method  is  proposed  for  analyzing 
the  thickness-shear  and  flexural  vibrations  in  strip  resonators 
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elongated  along  the  X  axis.  The  three  plate  equations  which 
include  two  thickness-shear  waves  and  one  flexural  wave  are 
solved  using  a  one-dimensional  finite  element  method  (FEM)  Our 
approach  here  follows  that  of  Tierstens  variational  formalism 
[7];  two-dimensional  eigenmodes  in  a  semi-infinite  plate  are 
determined,  and  then  a  frequency  equation  is  derived  from  a 
variational  expression  equivalent  to  the  remaining  boundary 
conditions-  A  one-dimensional  FEM  is  effectively  employed  in 
these  two  processes.  The  ratios  of  Z  -width  to  plate  thickness  to 
fulfill  the  resonant  condition  are  calculated  as  a  function  of 
frequency.  It  is  shown  that  the  calculations  are  in  good 
agieement  with  the  experimental  results,  and  most  of  spurious 
resonances  depending  on  Z' -width  belong  to  the  two-dimensional 
flexural  family. 

II.  Plate  Equations  of  Flexural  Motion 

Consider  a  lectangular  AT-cut  quartz  plate  of  length  21. 
thickness  2b  and  width  2w  as  shown  in  Fig.  1.  where  the  xt,  xa 
and  x3  coordinates  are  chosen  as  the  X.  Y'  and  Z'  axes, 
respectively.  Mindlin's  two-dimensional  stress  equations  of 
flexural  motion,  which  take  into  account  the  c*«  and  c44 
thickness-shear  deformations  and  the  flexural  deformation,  are 
(Eq  (2)  in  [4]) 


Qi.i*Q3.3*2b  p  al  3ua=0 

(la) 

Mi.i*MB,3-Qi*(2/3)b3  p  u)  3  Vr  i=0 

(lb) 

MB.,*M3.3-Q3*<2/3)b3  p  «)3tk3-0 

(lc) 

where  ai  is  the  radian  frequency,  p  is  the  plate  mass  density, 
u2  is  the  component  of  the  displacement  and  i  are  the 
components  of  the  rotation  in  the  x,  direction  of  a  plate  element. 
Since  we  are  concerned  with  only  the  flexural  motion,  the 
shearing  stress  resultants  Q,  normal  to  the  plane  of  the  plate  and 
the  bending  and  twisting  couples  M,  may  be  written  as 

Qi=2bk1*cBO(u*.1+  V  il 
Q3=2bk3zc44  lu3.3+  t/r  si 

Mj=(2/3lb3(  7  ji  V r  jrj+  7  J3  >jr  3>3)  (2) 

M3=(2/3)b3(  7  is  Vr  i.i*  7  33  Yr  3.3) 

Ms=(2/3)b3  7  BBI  Y  1.3*  3,1) 

where 

7  pq-tpq  tip  Cqp  /C44  , 

Cpq  C’pq  tapCqa/c^j, 

7  BR=CBO-CB33/CBe>  13) 

kj3=  k  3/12, 

k3*=  n  3[ca3*c44-  V-  (c23-c44)**4ca43J/24c44'. 
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Ht.'e  the  boundary  conditions  of  (4)  have  been  applied  It  is 
noted  that  (9)  is  a  variational  expression  for  the  guided  modes, 
and  therefore  can  be  Sulved  by  applying  a  one-dimensional  FEM 

According  to  the  FEM  [8...  we  discretize  the  transversal 
structure  of  the  plate  into  line-elements  consisting  of  four 
nodes  Then,  using  a  third-decree  interpolation  polynomial 
SjlxJ  which  is  with  a  value  ot  1  at  tne  jth  node  and  zero  at 
others,  the  transversal  fields  are  approximated  as 


Fig  1  A  retangular  AT-cut  quartz  plate. 

and  c,j  are  the  elastic  stiffnesses  of  the  AT  cut  quartz  plate 
Accordingly,  the  proper  boundary  conditions  of  a  rectangular 
plate  with  all  four  edges  free  are 

Qt-Mi  Me.  0  on  x,=  I  (41 

U3M3M6r0  on  X3-  1  w  (51 

111  Guided  Modes 

The  si  lutions  of  (l)-(5)  can  be  expressed  in  terms  of  a  sum  of 
eigenmodes  guided  by  the  plate  edges  parallel  to  the  x3  axis  [7]. 
In  this  paper,  both  the  transverse  fields  along  the  Xi  direction 
and  the  longitudinal  propagation  wavenumbers  in  the  x3 
direction  for  the  guided  modes  are  determined  by  using  a 
one-dimensional  FEM  To  utilize  the  FEM.  we  will  derive  a 
variational  expression  for  the  guided  modes. 

When  the  impressed  electric  field  is  uniform  over  the  plate,  the 
vibrations  excited  will  have  u2  odd  in  x,  and  even  in  x3.  yr  , 
even  in  X,  and  xa,  and  y/  3  odd  in  Xi  and  x3.  Hence  the 
appropriate  form  of  a  guided  mode  is  given  as 


[U2.  *T  V  3]=  SS,»x,»[U„.  <F  Oix.ial  (10) 

l-o 

where  Np  is  the  number  of  nodes,  and  U2),  <F  M  and  If  3,  denote 
the  nodal  values  at  the  jth  node  Since  U2  and  <lr  3  are  odd  in 
x,.  U2C>  and  <f  3C  at  x,-0  are  set  to  zero  When  (10)  is  substituted 
into  (9).  the  result  can  be  staled  as  the  following  matrix 
equations 

(  J  ’*Aii*Cu)IUajl  *  C,2  I  V  .,1  *  ii  B13|  V  „l  -  0 

C,2  ll'2,l  •<  2A22-C22)I  V  „|*  (i  B23l  <lr  3,1  =  0 

J  B,3TIU2,I  •  ,i  B23T  I  IF  „|  •(  H  2A33*C33)I  T  3,l=0 

(11) 

where  j  b.  I  •  I  represents  a  column  vector  and  the  matrices 
C,,  are  functions  of  ui  2-  Defining  a  total  column  vector  lyl  by 

lylT=[|L|2,lT.(  1r,,lT.  J  I  T3,r]  (12) 

(11)  is  reduced  to  a  standard  eigenvalue  equation 

F-lyh/r*lyl  (13) 

wheie  F  is  the  NXN  matrix  (N=3«NP  2) 


u2-  b  U2(x,)cos  x3 
y r,-  4f  ,(x,)coS  ji  X3 
yr  3  *F  3(x,)sin  |i  x3 


(6) 


An  Ci.  .  An  *CJ2  .  An  ‘B,3 
F  -  A22  *Ci2  .  - A22  *C22  .  A22  ‘B^j 

A33  Bl3  .  A33  B23 1 .  A33  'C33 


(14) 


where  is  the  wavenumber.  The  field  components  U2  and  *lr  3 
are  odd  functions  of  x,.  and  *F  ,  is  the  even  function.  The 
substitution  of  (6)  into  (1)  and  (2)  yields 


bk,  CeeDe 

i.i  *  ii  k32c<4' 

U,  * 

p  u)  2b2U2=0 

(7a) 

bl  r  ii 

E,* 

T  *  (: 

r  T , 

5bE( 

5  3 

ki^CoaDo  ♦  p 

u>  2b 

2  4" 

,/3-o 

(7b) 

b  T  an 

eb. 

»  3  -  /?  '(  r  i3e 

1  *  r 

33E 

a)/3  - 

k32c44  D4  +  p 

u)  2b 

2  4f 

3  3-0 

(7c) 

where 

Ii 

\i  b  and 

D, 

1  ’ll 

a*  V3.  De=bUa. 

rV 

O  E] 

fb»„„ 

E3=  ,3 

'  4r 

3.  E&-  ,i  '  V  x- 

bT, 

i*i 

(8) 

Multiplying  (7a).(7b)  and  (7c)  by  U2,  *F  ,  and  V  3,  respectively, 
and  integrating  through  the  half  x,-length  and  adding,  we 
obtain 

}  I  k3sc„  D42«k,2c80D0i!*(  T  uE,2*2  r  ,3E,E3 

O 

*  r  3aEa2+  r  65Eb2)/3  }dxi 

-  p  U)2h2  J  |  U22+  (  W  *+  V  ^)/3  |dx»  (9) 


From  (13)  we  can  compute  the  dispersion  relation  between  a 
given  frequency  u)  and  the  wavenumbers  .  An  example  of 
dispersion  curves  is  shown  in  Fig  2  for  a  plate  with  l/b-8  039,  of 
wh.ch  the  half  Xj-length  was  discretized  into  15  line-elements 
(NP15,N-136  )  .  The  ordinate  is  the  frequency  U  normalized  to 
the  ceo  thickness-shear  frequency  u)  3k1zcaB/  p  b2)  of  an 

infinite  plate  and  the  abscissa  is  the  dimensionless  wavenumber 
<i>  -2  J  b /  7T  •  We  note  that  there  are  many  complex  branches 
shown  as  the  thick  lines,  as  well  as  the  real  or  imaginary 
branches  shown  as  the  thin  lines.  The  occurrence  of  these 
complex  branches  is  a  consequence  of  including  the  c44 
thickness-shear  deformation  in  the  analysis  f 5 ].[9]-  At  ^  T0,  3 

is  uncoupled  to  u2  and  Y''  i*  and  the  guided  modes  may  be 
separated  into  three  groups  of  an  uncoupled  c44  thickness-shear 
mode,  a  predominantly  flexural  mode  and  a  predominantly 
thickness-shear  mode  which  are  designated  as  TS’-i,  F-j  and 
TS-k  in  Fig- 2.  respectively.  The  number  in  these  mode  labels 
refers  to  the  number  of  antinodes  across  the  length  21  of  the 
plate-  In  case  of  <f>  ^  0.  Yr  3  is  coupled  to  u2  and  Y'  i-  This 
coupling  produces  the  complex  branches,  and  also  greatly 
changes  the  real  and  imaginary  branches  obtained  by  neglecting 
yjr  3  [9]  which  Mindlin  and  Spencer  have  used  in  [4]- 
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The  arbitrarily  adjustable  field  components  are  expanded  in 
terms  of  the  same  third-degree  interpolation  polynomials  Sj 
which  were  used  in  (10).  as  follows 


E  S|(x1)LUal.  f  <T  3I],  o^x^l  (18) 

j-O 


where  Np  is  the  number  of  nodes,  U3I,  *T  u  and  f  ,,  denote  the 
nodal  values  at  the  jth  node,  and  U39  and  5L9P  at  x^O  are  set  to 
zero.  Substituing  (15)  and  (18)  into  (17)  yields  the  following 
approximation  for  the  boundary  conditions: 


Np-1  N  Np-1  fsj 

E  y^CE  E  V,,[Eg,„  a„i 

1-1  n-1  )— O  „-l 

Np-1  N 

*  E  iLi*  [  E  hk„  a„  ]  =0  (191 

H-l  n-1 


where  N-3»Np-2  and 


Fig-2  Calculated  dispersion  curves  for  thickness-shear  and 
flexural  waves  propagating  in  the  x3  direction  in  a  semi-infinite 
AT-cut  quartz  plate(l/b=8. 039)- 


IV.  Frequency  Equation 


t 

fi„  -  I  J  S,bQ3,",dx1)sin  0  <n>w/  0 

O 

1 

gj„-  <  J  S)MB,",dx1)sin  0  ,n>w/  0  <“*' 

O 

hk„=(  /  SkMa*n>dXi)coS  0  ‘"‘w 


(20) 


The  guided  modes  satisfy  the  boundary  conditions  (4)  at  x,=  ±  1 
automatically.  Therefore  the  remaining  boundary  conditions  (5)  at 
x.-r  t  w  are  written  by  approximating  with  a  linear  combination 
of  N  guided  modes  as  follows- 

N 

Q3  E  a„y3<',>lx,)sin  /f  <n,w/  0  <n>'=0 

n-1 

N 

Mb-  E  a„MB"”<x1)sin  0  ‘"’w/  0  <n>=0  (15) 

n-1 

N 

M3  E  a„M3<n>(x,)cos  0  *n,w=0 

n-1 

where  a„  and  ,1  <rx>  are  the  amplitude  and  wavenumber  of  the  nth 
guided  mode,  ard 

Q3<n>=2bka2c44'(-  <n>'2U2<n>+  (i  <">'  V3Cn>) 

M&‘n>  (2/3)b2  r  (16) 

M3<“,~(2/3)b2(  r  13b  V  :<n>. i+  r  33  d  <ny  4r  3<n>) 

Here  U2<n>,  4r  !<n>and  4r  3<n>  represent  the  nth  eigen  functions 
determined  from  00)  and  02). 

Since  we  take  into  account  only  N  terms  of  the  guided  modes, 
(15)  cannot  be  fulfilled  for  all  xt.  Consequently  we  attempt  to 
utilize  both  Tiersten's  variational  technique  [7]  and 
one-dimensional  FEM  employed  above.  Now  we  introduce 
arbitrarily  adjustable  field  components  U^.  4^  and  4r  3  at  the 
edge  x3-w.  Then  (15)  may  be  transformed,  according  to  the 
variational  procedure,  into 

/  (Q3blh?^Me4^M3iL3)dxl=0,  x3=w  (17) 


The  N  nodal  values  of  U21.  V  u  and  4r  3tc  are  arbitrary  Hence 
we  obtain  a  set  of  N  homogeneous  algebraic  equations  which 
governs  the  amplitudes  a„.  For  these  equations  to  have 
nontrivial  solutions,  the  determinant  of  the  coefficients  must 
vanish,  that  is 

del  [  f„,.  g„,,  h„K  ]  =  0  (21) 

for  n-l...  N,  i.k'l....Np-l  and  j-0,...Np-l. 

Equation  (21;  represents  a  functional  relation  between  the 
resonant  frequency  m  and  the  width-to-thickncss  ratio  w/b, 
and  is  the  frequency  equation  for  the  present  problem 

V-  Numerical  Results 

For  two  fixed  length-to-thickness  ratios  1/b  of  8  039  and  15  7, 
the  width-to-thickness  ratios  w/b  to  satisfy  (21)  were  calculated 
as  a  function  of  frequency  and  compared  with  the  experimental 
results.  We  here  omitted  the  piezoelectric  effect  and  employed 
Bechmann's  elastic  constants  [10]  which  yields  a  frequency 
constant  of  1.6546  (MHz*  mm)  for  the  AT-cut.  The  results  are 
illustrated  in  Figs. 3  and  5  where  the  solid  curves  show  the 
calculated  results.  In  the  computation  of  the  curves,  the  10'*  or 
better  accuracy  for  w/b  could  be  attained  by  taking  15  (N=136) 
and  20  (N=181)  line-elements  for  l/b=8  039  and  15-7,  respectively. 

Fig  3(a)  shows  the  results  for  l/b=8  039  The  experimental  data 
represented  by  small  dots  were  obtained  by  one  of  the  authors, 
Nakazawa,  for  a  plate  with  the  thickness  2b  and  length  21  of 
1  737  mm  and  13.964  mm.  respectively,  making  the  fundamental 
main  thickness  shear  frequency  about  0- 95  MHz.  The  plate  width 
2w  was  carefully  reduced  from  15- 3  mm  (w/b=8  81)  to  3  2  mm 
(w  b=l- 84 )  in  steps  of  about  0.1  mm.  The  plate  was  completely 
covered  with  a  pair  of  metallic  electrodes,  and  the  frequency  and 
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Fig- 3  Comparison  of  calculated  and  measured  resonant 
frequencies  of  thickness-shear  and  flexure  in  rectangular 
AT-cut  quartz  plates  (thickness  2b=l- 737mm,  X-length 
21-13- 964mm).  as  a  function  of  Z'-width  2w-  In  (a)  all  the 
measured  data,  of  which  each  strength  havs  been  originally 
classified  into  six  ranks,  are  plotted  with  square  dots  (0)  of  the 
same  size,  and  in  (b)  only  the  resonances  corresponding  to  the 
higher  four  ranks  are  plotted  with  marks  (^’  X  )• 


strength  of  each  resonance  were  recorded-  Although  the  ralative 
amplitudes  of  resonances  have  been  originally  classified  into  six 
ranks,  all  the  data  in  Fig-3(a)  are  plotted  with  dots  of  the  same 
size  For  clarity,  a  comparison  of  the  calculated  results  with 
only  the  resonances  corresponding  to  the  higher  four  ranks  is 
also  shown  in  Fig-3(b).  Here  the  experimental  data  in  good 
agreement  with  the  present  theory  are  emphasized  by  putting  the 
large  dots  on  them,  and  the  data  in  disagreement  are  denoted  by 
the  crosses  The  discrepancies  between  theory  and  experiment 
are  most  probably  due  to  the  face-shear  and  extensional  modes 
not  included  in  the  analysis 


Fig  4  Calculated  vibrational  patterns  for  (a)  a  main  thickness 
shear  mode  and  (b)  a  flexural  spurious  mode- 


In  Fig  3(b),  there  are  four  horizontal  lines  designated  as  the 
8th  and  10th  modes  of  flexure  (F)  and  the  1st  and  3rd  modes  of 
thickness-shear  (TS)  These  are  nearly  straight  crested  in  the  2' 
direction  as  depicted  in  Fig- 4(a)-  The  other  steep  curves  belong 
to  the  flexural  family  strongly  depending  on  the  2'  dimension- 
Fig- 4(b)  shows  a  calculated  example  of  its  predominan. 
component  u2-  The  phase  reversals  in  both  the  X  and  Z' 
directions  are  visible  The  theory  predicts  quite  well  the 
intersections  of  these  two-dimensional  flexural  modes  and  the 
main  thickness-shear  mode  TSl- 

The  results  for  l/b=15-7  and  w/b=2~5  are  shown  in  the  form  of 
frequency  constant  (KHz ’mm)  vs-  w/b,  in  Fig  5-  The  dots  in  the 
figure  were  plotted  from  the  data  obtained  by  Yamashita  et 
al  (Fig-6  in  [11])-  Here  we  adjusted  the  data  in  order  that  the 
measured  frequencies  of  main  resonances  nearly  agree  in  the 
calculated  values,  because  the  measured  values  were  about 
13KHz  •  mm  high  compared  with  the  data  plotted  in  Figs-9-11  in 
[11]-  The  good  agreement  is  observed  again  between  the 
calculated  results  and  the  experimental  data  marked  by  the  large 
dots. 
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Fig.  5  Comparison  of  calculated  and  measured  resonant 
frequencies  for  4  19  MHz  rectangular  AT-cut  quartz  plates 
(X  length-to-thickness  ratio  l/b=15  7),  as  a  function  of 
Z' -width-to-thickness  ratio  w/b.  The  dots  (  •>  •  )  are  the 
measured  data  by  Yamashita  et  al.c*°. 


VI-  Conclusions 

On  the  basis  of  the  comparison  between  theory  and  experiment 
given  in  Figs. 3  and  5.  we  conclude  that  most  of  spurious 
resonances  in  strip  type  of  miniature  resonators  belong  to  the 
two-dimensional  flexural  family-  The  numerical  method 
presented  here  is  well  suited  to  determine  the  points  at  which 
these  flexural  modes  w  II  coincide  with  the  fundamental  main 
thickness-shear  mode  in  the  miniature  resonators  elongated 
along  the  X  axis.  It  is  not  so  difficult  to  include  the  face-shear 
and  extensional  modes  in  the  analysis.  If  the  coupling  with  the 
thickness-shear  and  flexural  modes  is  omitted,  the  spurious 
characteristics  associated  with  the  face-shear  and  extension  can 
be  easily  solved  by  using  the  present  technique.  In  fact,  we 
have  found  that  such  an  analysis  may  remarkably  improve  the 
discrepancies  between  theory  and  experiment-  We  will  report 
these  results  in  the  near  future. 
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Summary 

A  novel  method  has  been  developed  for  accurate  determination 
of  VHF  quartz  crystal  resonator  equivalent  parameters  and 
resonant  frequencies.  This  method  employs  an  electrical 
equivalent  circuit  wh>ch  includes  the  spurious  responses  close  to 
the  main  mode  and  the  resistance  originated  from  the  evaporated 
electrodes.  The  equivalent  parameters  and  the  resonant 
frequencies  are  determined  by  a  non-linear  least  squares  method 
from  the  impedance  characteristics  of  the  resonators  under  test 
It  shows  that  an  excellent  agreement  is  obtained  between  the 
impedance  characteristics  calculated  by  the  equivalent 
parameters  and  experimental  data.  Moreover,  the  good 

accordance  is  obtained  between  the  calculated  non-reactive 
frequency(fr)  and  the  experimental  value.  Although  the  strong 
spurious  responses  exist  in  the  vicinity  of  main  resonance,  the 
exact  determination  of  equivalent  parameters  can  be  carried  by 
this  method. 

I.  Introduction 

Recently  the  standard  measurement  of  a  piezoelectric  resonator, 
which  includes  a  quartz  crystal  unit,  a  saw  resonator  and  a 
ceramic  resonator,  has  been  examined  by  an  automatic  network 
analyzer  in  I  E  C.  ,  TC49  WG6  [1].  Therefore,  Japanese  National 
Committee  has  investigated  the  same  measurement  method 
according  with  the  national  round  robin  and  so  on.  In  this 
paper,  a  new  method,  which  is  suited  for  an  automatic  network 
analyzer  system,  has  been  developed  for  precise  determination 
of  VHF  quartz  resonator  equivalent  parameters. 

Generally  speaking,  the  equivalent  circuits  of  the  quartz 
crystal  unit  is  constructed  by  four  elements,  that  is,  the  motional 
arm  contained  by  LI,  Cl,  Rl,  and  the  parallel  capacitance  Co. 
This  circuit  has  been  almost  adopted  in  measuring  the  electrical 
characteristics  of  crystal  unit.  However,  in  the  range  of  VHF, 
the  four  elements  equivalent  circuit  is  not  useful  for  obtaining 
the  exact  impedance-frequency  characteristics.  It  is  reason  that 
there  are  an  energy  loss  by  the  evaporated  electrodes  and  the 
support[2].  The  five  elements  equivalent  circuit,  therefore,  is 
considered  instead  of  the  mentioned  above  circuit,  the  fifth 
element  corresponds  to  the  energy  loss  and  is  denoted  by  Ru. 
The  electrical  behavior  is  more  exactly  described  by  this  five 
elements  circuit  than  the  traditional  circuit.  On  the  other  hand, 
the  higher  harmonic  overtone  is  generally  used  in  VHF  crystal 
resonator  units,  and  the  spurious  responses  exist  nearby  the 
main  resonance  frequency.  It  is,  therefore,  necessary  to 
consider  the  influence  of  these  nearby  responses  as  well  as  the 
R„  for  determination  of  the  exact  equivalent  parameters  of  the 
main  resonance. 
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In  this  paper,  an  effective  technique  is  proposed  for  the 
purpose  of  the  more  precisely  determination  of  the  equivalent 
parameters  in  VHF  quartz  resonator  units.  In  the  2nd  chapter, 
it  is  shown  that  how  to  determine  the  equivalent  circuit  which 
contains  both  R„  and  nearby  responses,  and  the  procedure  of  the 
determination  of  the  equivalent  parameters.  In  the  3rd  chapter, 
the  experimental  results  are  shown  by  measurements  with  the 
automatic  network  analyzer  concerning  the  crystal  unit  in  the 
range  of  frequency  from  97MHz  to  200MHz.  The  estimation  of 
this  method  is  shown  in  the  4th  chapter 

II-  Determination  method  of  equivalent  parameters 

II- L  Equivalent  circuit  of  VHF  crystal  units 
Figure  1  shows  a  typical  impedance-frequency  characteristics  of 
the  VHF  crystal  jnit.  In  this  figure  it  is  understood  that 
spurious  responses  exist  in  the  vicinity  of  the  main  resonance 
frequency  In  this  paper,  therefore,  both  R„  and  nearby 
resonances  are  added  to  the  traditional  four  elements  equivalent 
circuit.  This  circuit  is  shown  in  Figure  2. 


Fig  1  Typical  impedance  -  frequency  characteristics  of 
a  VHF  quartz  unit- 


363 


Fig-2  Equivalent  circuit  of  a  VHF  quartz  crystal 
resonator  unit. 


112-  Determination  of  equivalent  parameters 
In  case  of  obtaining  the  equivalent  parameters  by  using  the 
circuit  shown  in  Figure  2,  the  determination  method  based  on  a 
circular  diagram  may  not  be  adopted  Therefore  a  non-linear 
least  squares  method  is  used  by  expanding  to  the  circuit 
containing  Ro  and  nearby  responses.  According  to  the  method, 
at  first  step  the  approximate  values  of  equivalent  parameters  are 
necessary  as  the  initial  values,  and  their  values  are  obtained 
from  the  impedance  behavior  of  a  crystal  unit  under  test-  Next, 
the  obtained  values  are  utilized  as  the  initial  values  for 
progressive  procedure.  Determination  of  equivalent  parameters 
is  carried  out  by  iterative  least  squares  method.  This  method 
brings  so  least  deviation  that  results  agree  with  values  between 
the  measuring  and  the  calculating  of  impedance  characteristics. 
In  this  method  the  equivalent  parameters,  which  are  determined 
as  experimental  subjects,  are  as  follows: 

(1)  Reactance  X„(l  /  2  n  f.iC0)  in  parallel  arm- 
(21  Energy  loss  R„ 

(3)  Series  resonance  frequencies  (f„„  =  1  /  2  n  /  L„C„). 

(4)  Parallel  resonance  frequencies  (fp„=T  /  2  n  /  L„C„//C„). 

(5)  Series  resistances  (R„). 

where  n  is  the  number  of  motional  arms  containing  main 
resonance  frequency,  therefore  the  number  of  the  equivalent 
parameters  becomes  to  the  sum  of  2*3n 
At  the  beginning.  Zral  correspond  to  the  absolute  impedance 
value  at  measuring  frequencies  of  a  crystal  unit  under  test,  and 
Z„i  is  the  calculated  absolute  values  of  the  impedance  at  the 
same  frequencies  mentioned  above. 

After  this,  the  estimation  function  S  is  defined  as  follows, 

s=  E(Zo,-z„,)a  (1) 


where  k  is  the  total  number  of  measuring  points.  And  also,  the 
minimum  values  condition  of  the  estimation  function  is  given  the 
following  formula  by  the  definition  of  least  squares  method, 

£S  _  £S_  dS_  £S  .  £S_  #  .  .  _SS  (2) 

<?Xo~  dR=’  #.1  dR/  aR„ 


However,  the  analytical  solution  of  formula  (2)  may  not  be 
obtained,  for  the  reason  why  each  function,  which  is  decided  by 
subject,  does  not  contain  the  formula  of  the  linear  function  Zu< 
Therefore,  the  estimation  function  S  is  expressed  as  follows 
adopting  in  case  of  the  1st  term  considered  by  the  Taylor  series 
expansion  of  Zo1. 


1-1  <?A0  £7*'cj 


<JZ. 

<JR, 


'lARr 


Z 


A(.i 


Z„.) 


(3) 


where  sign  A  shows  a  correction  quantity  to  the  initial 
condition  value  of  each  decided  subject. 

The  solution  which  gives  minimum  condition  for  (3)  is  shown  by 
next  equation. 

ss_  .  is  =  _as  _as  ds  ds 

BAx„  dAR»  dAf.i  dAfpi  dARi  dARn 

From  (4),  correct  values  according  to  initial  values  are 
obtained.  On  the  other  hand,  equation  (3)  is  the  first  order 
approximation,  therefore,  the  calculation  is  repeated  in  practice 
until  each  value  brings  to  convergence.  In  this  calculation,  the 
initial  values  are  determined  by  treating  that  each  spurious 
resonance  is  independent  respectively. 

III.  Measurement  results 


111-1.  Measurement  apparatus  and  Crystal  units  under  test 
The  automatic  network  analyzer  (Anritsu  MS620J  &  SWR  Bridge) 
was  selected  for  actual  measurement  of  resonator  impedance- 
Figure  3  shows  a  block  diagram  of  measurement  setup.  The 
initial  calibration  of  the  system  is  carried  out  by  one-port 
method  using  50  U  termination,  open  and  short[3].  The  Rb 
atomic  oscillator  is  applied  as  an  external  frequency  standard, 
and  the  temperature  in  oven  is  kept  at  25  ±  0  01  °C  in  order  that 
the  equivalent  parameters  of  crystal  unit  under  test  may  not 
change  during  measurement. 


Fig. 3  Block  diagram  of  the  measuring  system 
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The  rating  resonance  frequencies  of  crystal  units  are  (a)200MHz. 
(b)t60MHz,  (c)125MHz.  (d)97MHz  respectively  and  four  samples 
are  all  AT-cut  In  these  resonators,  four  or  five  spurious 
responses  are  adopted  according  to  the  near  order  from  the  main 
response,  to  evaluate  the  influence  of  them  together  with  the 
main  resonance  in  this  experiment. 

111-2.  Experimental  results  of  equivalent  parameters 
Table  1  (a)  to  (d)  show  the  decided  results  of  the  sampled 
crystal  units.  Table  2  shows  the  mean  value  and  the  standard 

Table  I.  Analysis  Results  for  quartz  units  under  test. 

(25 °C.  0.5mA) 


(a)  200MHz  (7th  overtone  .  Q=5.8xl0*) 


Motional 

Arm 

f.(Hz) 

R.(  Q  ) 

L.(mH) 

x0<  tt  ) 

R„(  if  ) 

1 

200151840 

lt2£H 

E 

200181635 

E 

222 

Bn 

(b)  160MHz  (9th  overtone  .  Q=7  2xlO'*) 


Motional 

Arm 

f.(Hz) 

R.(  if ) 

L.(mH) 

X0(  if  ) 

R„(  il  ) 

i 

160781944 

50.3 

3  86 

193 

3- 01 

2 

160789786 

1.98k 

151 

3 

160794632 

2.18k 

163 

4 

160799897 

349 

269 

(c)  125MHz  (7th  overtone  .  Q=9  5xI04) 


Motional 

Arm 

f.(Hz) 

R„<  if  ) 

L.(mH) 

X0<  if  ) 

R„(  if  ) 

1 

125112527 

264 

3. 95 

253 

1— 

6.50 

2 

125119200 

153 

3 

125121492 

beh 

266 

4 

125128334 

5 

125134  1 < ~ 

196 

28.1 

(d)  97MHz  (5th  overtone  ,  0=5.9x10'*) 


Motional 

Arm 

f.(Hz) 

R.lif) 

L.(mH) 

XJ  if  ) 

R„(if  ) 

i 

97105772 

30.0 

3.52 

2 

97120680 

250 

29.3 

275 

6.60 

3 

97133316 

780 

79.2 

4 

97141014 

145 

16.8 

Table  2-  Standard  deviation  of  equivalent  parameters. 
(  200MHz  quartz  unit,  N=10,  25.0 ”C.  0.5mA) 


fsl(Hz) 

Rsl(  if  ) 

^2333 

Average  z 

E5BEEE1 

kiIb 

msm 

E 

S  D.  a 

006 

0.0014 

0.61 

BXJI 

6  /  X 

0  062% 

0.34% 

0.63% 

deviation  after  series  of  10  times  measurements  are  repeated  It 
is  understood  from  Table  2  that  the  standard  deviation  of 
resonance  frequencies  is  9.8x10“®  and  each  equivalent  parameter 
is  within  0  63%,  and  also  that  the  experimental  repeatability  is 
excellent. 

IV  Evaluation  of  equivalent  parameters 
IV  1-  Impedance  characteristics 

The  evaluation  method  in  this  paper  is  the  mean  square 
deviation  between  experimental  values  and  impedance  behavior 
calculated  from  equivalent  parameters  obtained  by  this  method 
The  considering  frequency  range  is  restricted  in  the 
neighborhood  of  the  main  resonance!  from  f.!  to  fpl  )  under  this 
condition,  the  decision  method  by  the  traditional  four  elements 
equivalent  circuit  is  compared  to  the  same  method  by  the  five 
elements  equivalent  circuit.  In  Table  3,  the  results  are  shown 
In  the  same  table,  the  least  deviation  is  shown  by  the  method 
presented  in  this  paper  whichever  sample  resonators'  results  are 
selected.  That  is  to  say,  it  is  understood  that  the  main 
resonance  impedance  characteristics  can  be  the  most  exactly 
explained  by  the  equivalent  parameters  according  to  this 
method  Figure  4  shows  the  deviation  between  the  measured 
value  and  the  calculated  results  of  impedance  characteristics  at 
main  resonance  of  the  sample  crystal  unit  (a).  From  both  Table  3 
and  Figure  4.  it  is  cleared  that  the  exact  impedance 
characteristics  is  at  the  main  resonance  is  obtained  by  the 
equivalent  circuit  including  R„  and  nearby  resonances 

IV- 2-  Phase  characteristics 

The  evaluation  of  phase  characteristics  is  carried  by  the 
comparison  of  the  non-reactive  (zero  phase)  frequency  calculated 
by  the  equivalent  parameters  and  the  measured  one.  The 
experimental  results  of  both  four  elements  and  five  elements 
equivalent  circuits  are  also  shown  in  Table  4  It  is  understood 
from  the  same  table  that  the  deviation  between  the  experimental 
and  calculating  results  by  this  method  is  within  3.6x10““,  and 
the  best  accordance  is  obtained  in  each  resonator  unit  Finally 
the  main  resonance  phase  behavior  is  well  explained  by  the 
equivalent  circuit  used  in  this  paper. 


Table  3.  Mean  square  deviations  between  experimental 
impedance  and  calculated  one. 


(a)200MHz 

(b)160MHz 

(c)125MHz 

<d)97MHz 

4  elements 

6.75 

5. 88 

18.11 

11.86 

5  elements 

2. 20 

0.99 

4-13 

2.29 

Nearby  response 

2.38 

097 

262 

3.22 

This  method 

0.20 

0.55 

037 

043 

V.  Conclusions 

The  equivalent  parameters  of  VHF  crystal  units,  which  is 
contained  by  R0  and  the  spurious  responses  in  the  vicinity  of 
main  resonance,  is  precisely  decided  by  this  method  mentioned  in 
this  paper.  Moreover,  this  method  is  compared  to  the  traditional 
measuring  method.  In  fact,  the  results  of  measuring  VHF  crystal 
unit  explained  that  the  main  resonance  impedance  characteristics 
more  exactly  explained  than  the  well-known  equivalent  circuit 
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Table  4  Comparison  of  measured  non-reactive  frequencies 
and  Calculated  ones. 


Measured 

Value 

(a)  200MHz 

200152259 

(b)  160MHz 

160782251 

(c)  125MHz 

125112589 

(d)  97MHz 

97105856 

4 

Parameters 

200152413 

<*7.7xl0'7) 

160782302 

(»3. 2xl0~7) 

125112620 

<*2.4xl0“7) 

97105894 

(*3  9xl0"7) 

5 

Parameters 

200152389 

l+65xlo'7) 

160732321 

(*44xl0~7) 

125112662 

(t58x10“7) 

97105899 

<*44xHT7) 

Nearby 

Responses 

200152299 

<*2.0x10  7) 

160782268 

MlxlO7) 

125112600 

(*8.8x10  8) 

97105859 

( *3  0x10  8) 

This 

Method 

200152252 
(-3. 6x10-®) 

160782254 

(♦1. 7x10  “) 

125112588 

(  1  5x10  **) 

97105854 

<-2.3xl0“8) 

of  the  traditional  four  parameters  And  also  from  the 
experimental  results  of  the  nun-reactive  frequency,  the 
equivalent  circuit  in  this  paper  is  very  good  for  the  phase 
characteristics 

In  conclusion  it  is  understood  that  this  method  is  very  good 
for  deciding  the  equivalent  parameters  of  VHF  crystal  unit 
Moreover,  this  method  is  going  tube  investigated  in  Japanese 
National  Round  Robin  for  the  Network  Analyzer  transmisc'  ... 
method. 
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ABSTRACT 

A  new  thermally  compensated  quartz  resonator  for 
wrist-watch  applications  is  described.  It  oscil¬ 
lates  at  a  low  frequency  (524  kHz)  in  order  r<i 
minimize  oscillator  power  consumption.  It  could  be 
mass-produced  by  using  photolithography  and 
chemical  etching.  The  structure  has  been  analysed 
and  optimized  with  a  contour  mode  computer  program 
based  on  variational  techniques. 

The  thermal  compensation  is  achieved  by  the  mecha¬ 
nical  coupling  of  two  low  frequencies  contour 
modes  of  the  resonator,  namely  a  flexure-type  mode 
and  an  extensional-type  mode.  The  structure  is 
such  that  the  elastic  part  of  the  mechanical  cou¬ 
pling  can  be  balanced  with  an  inertial  one  for  any 
crystallographic  orientation  of  the  substrate.  The 
coupling  factor  vanishes,  but  not  its  thermal 
derivatives.  Thus  it  can  be  shown  that  its 
influence  is  limited  to  the  second  and  higher 
orders  of  the  temperature  coefficients  of  the 
frequencies. 


INTRODUCTION 

In  piezoelectric  resonators,  electromechanical 
coupling  makes  it  possible  to  excite  elastic 
modes.  Most  of  them  are  characterized  by  shear 
(thickness  or  face),  flexural  or  extentional 
motion.  Due  to  the  finite  dimensions  and  reflexion 
on  the  bounderies  of  the  resonator,  these  dif¬ 
ferent  modes  can  be  elastically-coupled.  One  mode 
is  usually  desired  and  all  the  others  are  un¬ 
wanted. 

In  some  cases  two  modes  are  deliberately  elastic- 
coupled  in  order  to  achieve  a  particular  property, 
most  often  the  frequency- temperature  dependence  of 
the  resonator.  The  flexural  mode  of  the  tuning 
fork  can  be  coupled  with  a  torsional  mode  of  the 
arms'5’.  In  the  GT  or  ZT  resonators' 1 • 2 ■ 3 • 4 1  two 
extensional  contour  modes  of  a  rectangular  plate 
are  coupled  together  through  an  elastic  cross¬ 
constant  (Poisson's  ratio  o12).  The  resulting 
frequency  is  very  near  constant  over  a  wide 
temperature  range. 


This  paper  concerns  a  thermally  compensated  reso¬ 
nator  for  wrist-watch  applications  which  can  be 
clamped  and  which  oscillates  at  a  low  frequency 
in  order  to  minimize  the  oscillator  power  consump¬ 
tion.  This  compensation  is  achieved  by  the 
coupling  of  an  extensional-type  mass-loaded  mode 
with  a  flexure-type  mode  of  the  structure,  as 
shown  in  Fig.  1.  These  two  modes  belong  to  the 
same  family  of  dilatation  contour  modes1 7,,). 
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The  structure  is  such  that  the  elastic  part  of  the 
mechanical  coupling  can  be  balanced  vith  an  iner¬ 
tial  one  for  any  crystallographic  orientation  of 
the  substrate.  The  global  coupling  vanishes,  but 
not  its  thermal  derivatives.  Thus  its  influence  is 
limited  to  the  temperature  derivatives  of  the  tw 
frequencies . 

It  is  suggested  that  this  resonator  be  designated 
FXT,  to  stress  out  the  fact  that  it  uses  a 
PleXural-eXTentional  coupling. 


The  frequency  can  be  related  to  the  outline 
dimensions  by  the  resonator  extent  defined  as 

E  =  F  L  2V"' 


where 


frequency 
maximum  dimension 
longitudinal  wave  velocity 
(-  5500  m/s) 


Thus  a  low  frequency  resonator  is  characterized  by 
a  low  extent. 


In  a  GT  or  ZT  rectangular  plate  E  =  1; 


ELASTIC  COUPLING 


The  f-T  curve  of  a  resonator  (frequency  tempera¬ 
ture  dependence)  can  be  expressed  as 


F(T)  =  F„  (1  +  <x(T-T„)  ♦  KT-T„)*  +  v(T-T0>3  ) 


where  T 

T0 

F0 

a 

e 

r 


temperature 
reference  temperature 
frequency  at  T„ 

first-order  temperature  coefficient 
second-order  temperature  coefficient 
third-order  temperature  coefficient 


“=,  0o  r0 


frequency- temperature 
coefficient  without  coupling 
coupling  factor 
elastic  coupling  factor 
inertial  coupling  factor 
or  coupling  with 
inertial  forces 


K’  K"  K'" 


thermal  derivatives  of 
coupling  factor  K 


The  elastic  coupling  KE  depends  mainly  on  the  cut 
angles  of  the  resonator.  The  inertial  coupling  Kx 
basically  depends  on  the  shape  and  the  boundary 
conditions.  Thus  the  thermal  derivatives  of  Kj 
depend  on  the  thermal  expansion  and  are  much 
smaller  than  those  of  KE ,  which  depend  on  the 
elastic  constants.  On  the  other  hand,  one  notices 
that  K  becomes  negative  if  Kj  >  KE . 


K  will  be  chosen  as  small  as  possible  in  order 
to  minimize  the  sensitivity  of  the  first  thermal 
coefficient  a  to  the  dimensions  (in  the  ZT-cut 
K  =  ol2  =0). 

On  the  other  hand,  for  quartz  resonators  the 
second  thermal  coefficient  0  of  an  uncoupled  (or 
free)  mode  is  generally  negative  when  the  first 
coefficient  a  vanishes1’ >  (excepted  for  some 
thickness  modes,  such  as  the  thickness  shear  of 
the  AT-cut  or  SC-cuts).  That  means  that  the  fre¬ 
quency  of  the  compensated  mode  must  be  greater 
than  that  of  the  compensating  mode  in  order  to 
minimize  the  second  thermal  coefficient  0. 


RESONATOR  STRUCTURE 
FLEXURAL-EXTENSIONAL  COUPLING 


Elastic  cross-constant  (Poisson's  ratio  or  mutual 
constants  or  inertial  forces  allow  weak 
energy  exchanges  between  two  coupled  modes1 6p’4 1 . 
The  frequency  of  one  mode  as  well  as  its  thermal 
coefficients  depend  on  the  proximity  of  the  other. 


Ir.  a  first  approximation  the  coupling  effect  on 


one  mode 

can  be  expressed  through  a  coupling 

factor  as 

F 

- 

F0  [1  +  K2/4- Af 1 

a 

o0  +  KK'/2  -Af 

0 

= 

0O  +  [KK"  +  K'2  ]/2-Af 

r 

s 

Y0  +  [KK'"  +  K'K"]/2-Af 

where  F 

= 

frequency  of  the  compensated  mode 
with  coupling 

Fo 

* 

frequency  of  the  compensated  mode 
without  coupling 

Fc 

frequency  of  the  compensating  mode 
without  coupling 

Af 

s 

(  Fc  -  Fc  )  /F0 

The  structure  of  the  FXT  resonator  has  been  ana¬ 
lysed  and  optimized  with  a  contour  mode  computer 
program  based  on  variational  techniques.  Holland 
and  Eernisse17’  have  shown  that  Rayleigh-Ritz 
techniques  can  be  used  to  approximate  the  normal 
modes  of  the  mechanically  free,  rectangular 
isotropic  plates.  In  order  to  apply  this  method  to 
anisotropic  plates  of  any  shape,  special  techni¬ 
ques  have  been  developed.  The  kinetic  and  elastic 
matrices  as  well  as  their  thermal  derivatives  up 
to  the  third  order  are  reduced  to  a  tridiagonal 
form.  This  procedure  precludes  iterative  methods 
to  compute  eigenmodes  and  their  temperature  coef¬ 
ficients.  Furthermore  the  convergence  of  the  pro¬ 
cess  depends  on  the  choice  of  trial  functions.  In 
most  cases,  it  has  been  found  that  simple  power 
series  are  more  advantageous  than  circular  expan¬ 
sions  for  describing  displacements.  Meanwhile  a 
set  of  circular,  hyperbolic  and  power  series 
expansions  are  often  suitable  to  describe  dif¬ 
ferent  kinds  of  modes  (flexure,  shear,  torsion, 
dilatation  type  modes). 
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The  FXT  resonator  is  composed  of  two  rectangular 
plates  connected  by  three  parallel  arms.  The 
central  arm  includes  a  clamping  area  (Fig.  5) 
where  stresses  and  movements  are  evanescent,  so 
that  it  can  be  glued  with  epoxy  onto  a  tiny 
pedestal.  The  two  plates  are  used  as  mass  loading 
in  order  to  decrease  the  frequency  of  the  desired 
contour  mode.  The  thermal  compensation  is  achieved 
by  the  mechanical  coupling  of  the  first  two 
contour  modes  of  the  structure  (Fig.  1),  namely  a 
flexure-type  mode  and  an  extensional-type 
mass-loaded  mode. 

The  extensional  mode  is  chosen  as  the  thermally 
compensated  mode,  specially  for  its  high  quality 
factor  and  a  simple  electrode  configuration. 

The  mechanical  coupling  factor  K  can  be  adjusted 
by  the  distance  between  the  two  external  arms,  the 
width  ratio  of  the  external  arms  to  the  central 
arm  and  by  the  width  ratio  of  the  mass-loaded 
plates  to  the  central  arm.  K  becomes  negative  if 
the  first  two  parameters  decrease  or  if  the  last 
one  increases. 

These  three  parameters  can  also,  at  the  same  time, 
minimize  the  coupling  factor  K  over  a  wide  range 
of  the  arms  length  (Fig.  2a),  and  the  sensitivity 
due  to  the  under-cutting  (X  faces)  during  the 
chemical  etching. 

The  coupling  factor  K  is  little  sensitive  to  the 
ratio  of  arms  length  to  total  length,  as  well  as 
the  frequency  of  the  extensional  mode,  if  this 
ratio  is  about  1/3  (Fig.  2a  and  Fig.  2b).  This 
last  parameter  is  used  to  adjust  the  frequency  of 
the  compensating  mode  (flexure-type  Fig.  la)  in 
order  to  minimize  the  thermal  dependence  of  the 
extentional  mode  (Fig.  lb). 


a  V+/K 


V 

0 

-K 

-20 


1200  1250  1300  i*> 

Figure  2a  :  Arms  length  dependance  with  K-0  KK'-O 


The  cut  of  a  FXT  resonator  is  chosen  such  that  the 
first  temperature  coefficient  o  is  close  enough  to 
zero  without  coupling  in  order  to  minimize  its 
sensitivity  to  the  dimensions. 


F  kHz 


1200  1250  1300 

Figure  2b  :  Arms  length  dependance  with  K>0  KK'<0 


CUT  CHOICE 


As  far  as  almost  any  quartz  crystal  cut  could  be 
used,  we  realied  the  first  FXT  resonators  with 
ZT-cut  substrates.  This  cut  allows  a  piezoelectric 
coupling  with  a  perpendicular  field  (Fig.  3).  The 
Poisson's  ratio  o12  is  almost  zero.  On  the  other 
hand  the  lateral  faces  are  tilted  through  the  che¬ 
mical  etching.  Thus  the  contour  modes  are  strongly 
coupled  mechanically  with  unwanted  out  of  plane 
modes. 


■/k-*.  a — &  / 


/  / 

'Ll 


Figure  3  :  Electrode  configuration 
with  perpendicular  field 


Afterwards  we  chose  a  simple  cut,  namely  the 
+2°  X-cut.  This  cut  is  well  adapted  to  chemical 
etching  and  the  lateral  faces  are  not  tilted. 
Nevertheless  the  two  rectangular  plate  must  be 
shifted  by  10  pm  in  the  X*  direction  in  order  to 
compensate  the  effect  of  the  Poisson's  ratio  o12 
on  the  movement  of  the  clamping  zone.  The  piezo¬ 
electric  coupling  is  obtained  with  an  in-plane 
field  (Fig  4). 
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Figure  4  :  Electrode  configuration 
with  in-plane  field 


Figure  5  :  Outline  of  the  +2°X-cut 


SEH  OBSERVATIONS 

Scanning  electron  microscopy  has  been  used  to 
observe  the  vibration  patterns  of  the  FXT  struc¬ 
ture.  These  patterns  characterize  the  electric 
potential  distribution  onto  the  resonator  surface 
due  to  the  piezoelectric  effect.  They  are  depen¬ 
dent  on  the  substrate  cut,  which  governs  the 
anisotropy  and  the  distribution  of  the  piezo¬ 
electric  coefficients. 


Figures  6  and  7  show  the  SEM  micrographs  of  the 
flexural-type  mode  (compensating  mode)  and  of  the 
extensional  mode  (compensating  mode)  in  a  +2°X-cut 
FXT  resonator.  For  this  cut  and  on  the  two  ex¬ 
ternal  arms  the  electric  potential  distribution  is 
governed  mainly  by  the  piezoelectric  coefficient 
dl2.  This  is  pointed  out  by  two  white  lines  in  the 
pattern  of  the  extensional-type  mode  and  the  three 
white  lines  in  the  flexural-type  pattern.  The  dif¬ 
ferent  brightnesses  of  the  +Y  and  -Y  regions  are 
due  to  a  symetry  about  the  X  axe  of  the  piezo- 
electic  matrix. 


Figure  7  :  SEM  pattern  of  the  dilatation-type 


EXPERIMENTAL  RESUTS 


Cut 

Frequency 

Length 

Width 

Thickness 

Quality  factor 

Extent 

e 

Aging  at  25°C 


+2°  X 
524  kHz 
3.3  mm 
2.75  mm 
0.1  to  0.2  mm 
>  500' 000 

<  0.7 

<  10  io-»/°cj 

<  0.2  10"6/first  year 
(without  preaging) 


CONCLUSIONS 


The  thermal  properties  of  the  miniature  quartz 
resonator  described  in  this  paper  are  at  least 
4  times  better  than  those  of  the  flexural 
tuning-fork. 

The  structure  with  3  arms  minimizes  the  sensiti¬ 
vity  to  the  chemical  etching  process,  yields  a 
high  quality  factor  and  a  good  aging. 
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Sunriary 

This  paper  explores  and  investigates  the 
trapped-energy  piezoelectric  resonators  with 
elliptical  ring  electrodes  conforming  to  the 
anisotropy  in  the  piezoelectric  plate.  In  this 
piezoelectric  resonator,  the  electrode  size  can  be 
arbitrarily  large  without  causing  inharmonic 
overtone  resonances,  and  therefore  the  resonator 
has  a  low  series  resistance.  Some  resonators  with 
elliptical  ring  electrodes  have  been  fabricated 
using  ceramic  and  AT-cut  quartz  plates.  It  has 
been  shown  that  these  resonators  have  series 
resistances  lower  than  those  of  the  conventional 
resonators . 


1 .  Introduction 


It  is  known  that,  if  a  trapped-energy 
thickness  mode  piezoelectric  resonator  is  designed 
with  the  product  of  the  electrode  dimension  and 
the  square  root  of  the  plateback  set  below  a 
certain  value,  then  a  single  resonance 
characteristic  with  no  inharmonic  overtone 
response  is  obtained! 1 ] , [ 2 ] . 

Hence  when  the  magnitude  of  frequency¬ 
lowering  due  to  piezoelectric  effect  is  large, 
or  when  overtone  modes  are  to  be  used,  it  is 
necessary  to  obtain  a  single  resonance 
characteristic.  This  requires  either  making  the 
electrodes  thin,  or  to  reduce  the  lateral 
electrode  dimensions.  However,  if  the  electrodes 
are  made  too  thin,  the  resulting  electrical 
resistance  lowers  the  Q  of  the  resonator;  thus  the 
lateral  dimensions  of  the  electrodes  are  limited 
to  fairly  small  values.  As  a  consequence,  the 
shunt  capacitance  of  the  resonator  cannot  be  made 
large,  and  so  the  impedance  level  and  series 
resistance  are  both  high.  In  applications  for 
oscillators,  often  a  low  impedance  resonator  with 
a  large  electrode  area  is  needed. 

In  this  paper,  we  propose  a  resonator  with 
electrodes  in  either  circular  or  elliptical  ring 
shapes,  as  an  trapped-energy  resonator  of  which 
electrode  area  can  be  increased  arbitrarily  while 
maintaining  a  single  resonance  characteristic.  In 
order  to  confirm  the  feasibility  of  the  proposed 
device,  we  have  performed  related  analyses  and 
experiments,  and  here  report  the  results  of  these 
studies . 

CH28 18-3/90/0000-372  $1.00C  1990  IEEE 
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Figure  1 .  Electrode  configuration  and  coordinate 
transformation. 


2.  Analyses 

2,1  The  wave  equation  and  its  solutions 

We  consider  a  trapped-energy  thickness  mode 
resonator  with  elliptical  ring  electrodes,  such  as 
that  shown  in  Fig. 1(a).  The  resonances  of  trapped- 
energy  modes  occur  very  close  to  the  cut-off 
frequencies  of  thickness-mode  waves  propagating 
along  the  plate.  The  elestic  property  concerning 
wave  propagation  is  generally  different  in  the  x1 
and  x^  directions  in  the  plane  of  the  plate.  3y 
using  a  potential-wave  approximation  the  wave 
equation  for  thickness  vibrations  near  this  cut¬ 
off  frequency  may  be  written  as  follows! 3): 


dpu  dpu 
d(a,*,)?+  9(33*3)^ 


-  *  (<d?  —  Wc?)  U  =  0 

V  s 


(1) 


where  u  is  the  displacement,  v  is  the  velocity  of 
the  plane  wave  propagating  in  the  thickness 
direction,  and  w  c  is  the  angular  cut-off  frequency 
which  is  equal  to  w  o  at  the  electroded  region  and 
to  u>0 ■  elesewhere.  In  eq.  (1),  the  constants  a1  and 
a^  vary  depending  on  the  materials  of  the 
piezoelectric  plate,  the  cut  of  the  crystal,  and 
the  mode  of  propagation.  If  the  wave  propagation 
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is  isotropic  in  the  plane  of  the  plate,  then 
a1=a3- 

As  is  clear  f ran  eq . ( 1 ) ,  when  the  electrode 
dimensions  p1,p9,q1  and  satisfy  the  following 
relation: 


functions. 

As  siii(»jUci/u  J~sin(»,u„’/  u  J  , 
continuity  of  u  and  Ju/Jr  at  the  boundary 
between  the  electroded  and  unelectroded  regions 
gives  the  following  equation. 


alPl=a3q1 
alP2=a3q2  . 


(2) 


then  the  extent  of  energy  trapping  in  the 
direction  may  be  considered  to  be  the  same  as  in 
the  x,  direction.  Such  an  electrode  shape  enables 
us  not  only  to  analyze  vibration  easily  but  also 
to  obtain  analysis  by  transforming  into  polar 
coordinates [ 3 ] .  There  is  also  the  added  advantage 
that  with  such  an  electrode  shape,  a  resonance 
characteristic  free  from  spurious  non-axisymnetric 
mode  response  is  obtained. 

For  the  resonator  with  the  electrode  shape 
given  by  eq.(2),  we  transform  the  (x^,x.) 
coordinate  plane  in  Fig. 1(a)  into  the  plane 
(a^x^a^x^)  shown  in  Fig. 1(b),  and  in  turn 
transform  this  into  the  polar  coordinate  plane 
(r,  q  ).  At  these  polar  coordinates,  the  electrode 
shape  is  reduced  to  a  circular  ring,  whose  outer 
and  inner  radii,  a  and  b,  are  given  by 

a=a1p1  =a3q1 

h_,  n  „  (3) 

b-aip2-a3q2 

As  the  result  of  these  coordinate  transformations, 
the  wave  equation  (1)  can  be  rewritten: 


(i ,  j - 1  —  4 ) 


N 


M  i  3  M  24  M  3  3  —  M  ««  ' —  0 

Mil  —  J  n  (  k  r  3  ) 

M,2=  Y  „(kra) 

M,<  =  -Kn(kr'a) 

i  =  J  n(k  rb)  (7) 

Y  „ ( k  rb ) 

M  2  3  —  ■  I  n(kr’b) 

M31  kr(  J  n-  1  (k  ,a)  -  J  n*  1  (k  r^)} 

M-j^  —  krtY  n-  1  (k  ra  )  -  Y  ntl(kr3)} 

M34  =  kr’{K„-i(kr'a)  +  Kn*i(kr’a)) 

M4,  =  kr(  j  n-  1  (k  rb)  •  J  „.,(krb)) 

M42  =  kr(Y„-,(krb)-Yn.,(krb)) 

M43=-kr’{  I  n  -  1  (k  r'  b)  +  I  n  *  l  (k  ,  '  b  )  > 


d*u  J_ 

9  r  ?  r 


9 u  1  9* u 

d  r  +  ai7 


+  k  ro*  U  =  0 


(4) 


where  krQ  is  given  by 


The  frequency  equation  for  determining  the 
resonance  frequencies  is  obtained  by  setting  the 
determinant  |M..|  equal  to  zero.  The  vibration 
modes  are  founA-’by  determining  the  ratios  among 
An,B ,C  and  D  from  eq.(7),  and  substituting  into 
eq. (b) . 


k,(i=kr=  -  ( us—  U>02)  1/2 

V 


(b<r<a) 


kro  =  jkr’=  j  -  (o)(/?-(o2)lx2  (r<b,  r>a) 

v  5 


(5) 


The  solutions  to  eq.(3)  are  expressed  as 


u  t,  —  ( A  n  J  n(krr)  +  Ii„  Y  „(k,r))cos  n  0  -sin(xi.<i)o/  u  ;,)  ■  e  J“' 

(b<r<a) 

u,=C„I  „(k,’r)cos  n  0  •sin(«2«i>o’/  i;  i,)-  e  •*“* 

(OSrSb) 

u  „  =  n„K„(kr'r)cos  n8•sin(*^Wo,/tli)•D■i", 

(aSr) 


where  n  is  cin  integer  expressing  the 
circumferential  order;  J  ,  Y  are  Bessel 
functions;  1^,  Kn  are  the  modified  Bessel 


2.2  The  resonance  frequency 

As  explained  below,  vibration  modes  with  a 
circumferential  order  equal  to  unity  will  not  be 
excited  piezoelectrically.  Hence  we  here  concider 
only  the  modes  of  vibration  with  axial  symnetry  in 
the  polar  coordinates  (r,  $  ),  that  is,  the  modes 
with  n=0.  The  resonance  frequency  spectrum 
obtained  by  numerical  calculations  is  shown  in 
Fig. 2.  In  this  figure,  N  is  the  order  of  the 
overtone,  w  r  is  the  angular  resonance  frequency, 
and  A  is  the  plateback  given  by 


A  =  (  W  o’  "W  o)/w  o' 


(8) 


This  spectrum  was  calculated  by  varying  a/H  for 
N=1 ,  b/H=7.5  and  A  =1%,  but  there  is  almost  no 
change  in  the  curve  for  other  values  of  b/H  and  A . 
In  the  figure,  "Oth",  "1st"  and  "2nd"  indicate  the 
principal,  1st  inharmonic,  and  2nd  inharmonic 
modes,  respectively. 
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where  k  is  the  electromechanical  coupling 
coefficient,  and  S  is  the  electrode  area.  Figure 
5  shows  the  capacitance  ratios  for  the  Oth  and  1st 
modes  as  functions  of  N'(  (a-b)/H)  •  f&  .  The 


N  •  a  b  •  v  A 


Figure  2.  Resonance  frequency  spectrum  ( n=0 ) , 


Figure  3  shows  the  critical  electrode  ring 
widths  at  which  first  and  second  inharmonic  modes 
begin  to  appear.  We  see  that  the  advent  of 
inharmonic  modes  is  almost  independent  of  the 
inner  radius,  and  is  determined  by  the  ring  width 
(a-b).  Hence  by  choosing  a  ring  width  within  the 
range  where  inharmonic  modes  do  not  appear,  the 
inner  radius  of  the  electrode  can  be  increased, 
resulting  in  a  resonator  with  a  single  resonance 
characteristic  and  a  low  series  resistance. 


■°  1 
I  X, 
as 


Figure  3.  Critical  ring  width  at  which  1st  and  2nd 
inharmonic  modes  begin  to  appear. 

2.3  Vibration  modes  and  capacitance  ratios 


Figure  4  shows  the  displacements  of  the  Oth, 
1st  and  2nd  modes,  for  A  =0.1,  a/H=13.2,  b/H=7.5, 
N=1  and  ( N - ( (a-b)/H) •  /a  =1 .8). 

We  next  determine  another  important  resonator 
parameter,  the  capacitance  ratio.  From  the 
condition  that  the  electrical  energy  stored  in  the 
motional  series  inductance  L  of  the  resonator  is 
equal  to  the  kinetic  energy,  we  determine  the 
inductance.  This  enables  us  to  calculate  the 
capacitance  ratio,  or  the  ratio  of  the  shunt 
capacitance  Cj  to  the  motional  series  capacitance 
C  in  the  equivalent  circuit,  as  follows: 


Figure  4.  Vibrational  modes. 


0  0-5  1  1.5  2 

N-^/T 

Figure  5.  Normalized  capacitance  ratio  as  a 
function  of  N  ■( (a-b) /H)  ■  [Z 


capacitance  ratio  for  the  Oth  mode  is  sufficiently 
small  if  N • ( ( a-b ) / H ) -  f&  '0.5.  In  contrast  to  this, 
that  for  the  1 st  inharmonic  mode  is  roughly  two 
orders  of  magnitude  greater  than  for  the  Oth  mode. 
This  is  due  to  the  fact  that  the  1 st  mode  is 
almost  anti -symmetric  with  respect  to  the  center 
of  the  width  of  the  ring. 

For  all  non-axisynmetric  vibrations  having 
n^O,  the  integration  in  the  denominator  on  the 
right-hand  side  of  eq.  (9)  becomes  zero,  and  the 
capacitance  ratio  becomes  infinite.  This  means 
that  such  vibrations  are  not  piezoelectrically 
excited.  This  is  because  the  electrode  shape  is 
that  of  an  elliptical  ring  corresponding  to  the 
anisotropy  within  the  plane  of  the  plate.  If  the 
electrode  shape  deviates  from  this  elliptical 
shape,  then  non-axisymmetric  vibrations  will  also 
be  excited,  as  spurious  modes. 


3.  Experiment 

3.1  Thickness-extensional  mode  ceramic  resonators 


(a)  Resonator  with  ring  electrodes. 


(b)  Resonator  with  circular  electrodes. 

Figure  6.  Impedance  characteristics  of  fundamental 
thickness-extensional  mode  ceramic 
resonators. 


In  the  case  of  thickness-extensional  m  a 
piezoelectric  ceramic  plate  poled  in  the  thickness 
direction,  the  elliptical  ring  shape  of  the 
electrodes  reduce  to  a  circular  ring,  because  the 
plate  is  isotropic  (a]=a-)  in  the  plane  of  the 
plate.  A  fundamental  thickness-extensional  mode 
resonator  with  circular  ring  electrodes  was 
fabricated.  The  impedance  characteristic  is  shown 
in  Fig. 6(a).  For  comparison,  the  characteristic  of 
a  resonator  with  circular  electrodes  of  the  same 
area  is  shown  in  Fig. 6(b).  Design  parameters  for 
both  resonators  are  given  in  Table  1 . 

An  inharmonic  mode  appeared  in  the  resonator 
with  conventional  circular  electrodes,  while  no 
inharmonic  mode  appeared  in  the  resonator  with 
ring  electrodes. 


Table  1 .  Design  parameters  for  ceramic  resonators. 


Inner 

Radius 

(mm) 

Outer 

Radius 

(mm) 

Area 

(mm**) 

Resonator  with 

Ring  Electrodes 

1.20 

1.50 

2.54 

Resonator  with 
Circular  Electrodes 

0 

0.90 

2.54 

Plate  Thickness  0  2  mm 
Electrode  Thickness  Ag  3000  A  (  Each  Side) 


3.2  T  .ckness-shear  mode  AT-cut  quartz  resonators 

Third  thickness-shear  overtone  resonators  were 
fabricated  using  AT-cut  quartz  plates.  For  the 
third  overtones  in  AT-cut  quartz  plates,  a, =0.629 
and  a^O.649.  Hence,  the  elliptical  ring 
electrodes  were  designed  so  that  the  ratio  of 
major  to  minor  axes  might  be  equal  to  1.031.  For 
comparison,  a  resonator  with  circular  electrodes 
was  also  fabricated.  Both  resonator  electrodes 
were  designed  as  large  as  possible,  provided  no 
inharr  >nic  mode  would  appear.  The  design 
parameters  are  given  in  Table  2. 


Table  2.  Design  parameters  for  AT-cut 
quartz  resonators. 


Inner  Radius 
(mm) 

Outer  Radius 
(mm) 

*1 

Direction 

*3 

Direction 

*| 

Direction 

x  3 

Direction 

Resonator  with 

Elliptical  Ring  Electrodes 

0.794 

0.771 

1.185 

1.150 

Resonator  with 

Circular  Electrodes 

0 

0 

0.495 

0  495 

Plate  Thickness  0  034  mm  Plateback  1% 
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Figure  7  shows  the  admittance  characteristics 
of  both  resonators.  The  resonator  with  elliptical 
ring  electrodes  had  a  fairly  lower  series 
resistance.  This  is  attributed  mainly  to  the 
larger  electrode  area  of  the  resonator  with 
elliptical  ring  electrodes. 


(a)  Resonator  with  elliptical  ring  electrodes. 


(b)  Resonator  with  circular  electrodes. 

Figure  7.  Admittance  characteristics  of  3rd- 
overtone  AT-cut  quartz  resonators. 

In  order  to  obtain  resonators  with  even 
smaller  series  resistences,  we  tried  designing  and 
fabricating  third-overtone  AT-cut  quartz 
resonators,  allowing  the  occurrence  of  inharmonic 
overtones  to  sane  extent.  Three  types  of  resonator 


Table  3.  Design  parameters  for  resonators 
with  low  series  resistances. 


Inner  Radius 
(mm) 

Outer  Radius 
(mm) 

Plate 

Ptateback 

X  | 

Direction 

XJ 

Diiection 

xi 

Direction 

Xj 

Direction 

Dimension 

(mm) 

<%) 

52MHz  Band 
Resonator 

0.460 

0-450 

1.750 

1.690 

6.50  X 0.094 

1.0 

17MHz  Band 
Resonator 

0.300 

0  291 

1.200 

1.163 

5.00X0  054 

1.0 

ISOMHz  Band 
Resonator 

0  200 

0.194 

0.900 

0.775 

5.00  X0  010 

0.4 

were  used  in  experiments,  operating  in  the  52  MHz 
band  and  in  the  87  MHz  band  and  in  the  1 50  MHz 
band.  The  electrode  sizes  were  designed  as  large  as 
possible,  with  the  constraint  that  mounting  losses 
and  the  influence  of  the  plate  edge  on  the 
characteristics  be  negligible.  Table  3  shows  the 
design  parameters  employed. 


Frequency  (MHz) 


(a)  52MHz  band  resonator. 


67.376  88-376 

Frequency  (MHz) 

(b)  87MHz  band  resonator. 


Oth 


(c)  150MHz  band  resonator. 


Figure  8.  Admittance  characteristics  of  3rd- 
overtone  AT-cut  quartz  resonators. 
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Figure  6  shows  uie  adnuttance  cliazacteristics 
near  the  third  overtone  resonance  frequency.  The 
series  resistances  are  fairly  low  for  the  main 
resonance,  ranging  from  14  to  21  ohm.  Spurious  1st 
and  2nd  inharmonic  modes  appeared  in  the 
characteristics  of  those  resonators.  The  150  MHz 
band  resonator  had  fairly  high  resistances  for  the 
inharmonic  modes,  about  10  times  as  large  as  that 
of  ttv  main  resonance. 

The  temperature  dependence  of  frequency  for 
the  three  types  of  quartz  resonator  described 
above  was  measured.  It  was  confirmed  that  the 
temperature  characteristic  of  frequency  for  the 
resonator  with  elliptical  ring  electrodes  is  a 
third-order  curve  with  a  point  of  inflection  near 
room  temperature,  as  in  Fig. 9.  The  third-order 
coefficient  is  of  roughly  the  same  magnitude  as 
for  ordinary  AT-cut  quartz  plate  resonators  with 
circular  electrodes. 
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Figure  9.  Frequency-temperature  characteristics  of 
3rd-overtone  AT-cut  quartz  resonators. 


4.  Conclusion 


We  have  proposed  the  use  of  elliptical  ring 
electrodes  as  one  means  of  obtaining  resonators 
with  a  low  series  resistance  and  a  single 
resonance  characteristic,  and  have  analyzed  the 
characteristics  of  such  resonators. 

The  efficacy  of  the  proposed  elliptical  ring 
electrodes  has  been  verified  experimentally  for 
thickness  extensional  mode  ceramic  resonators, 
and  for  third-order  thickness-shear  mode  AT-cut 
quartz  resonators. 

In  the  case  of  a  third  overtone  resonator 
using  a  5mm0  AT-cut  quartz  plate,  whose  electrode 
size  has  been  set  so  as  to  allow  the  appearance  of 
small  inharmonic  modes,  the  series  resistance  has 
been  very  low  (15  ohm)  for  the  main  resonance  and 
fairly  high  (  >  1  50  ohm)  for  inharmonic  modes. 
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Abstract 

This  paper  describes  a  new  shape  length  ex- 
tensional  mode  quartz  crystal  resonator  with  the  reso¬ 
nant  frequency  of  500kHz  to  1.536MHz,  formed  by  an 
etching  method.  An  object  of  this  paper  is.  theoretica¬ 
lly  and  experimentally,  to  clarify  frequency  charac¬ 
teristics.  frequency  temperature  behavior  and  electri¬ 
cal  characteristics  of  the  new  shape  length  extensional 
mode  quartz  crystal  resonator.  In  analysis  procedure,  a 
vibration  analysis  including  a  vibrational  portion  and 
supporting  portions  of  the  new  shape  resonator  is  per¬ 
formed  by  an  energy  method,  taking  account  of  lateral 
motion,  and  its  frequency  equation  is  derived.  From 
the  obtained  frequency  equation,  frequency  character¬ 
istics  and  frequency  temperature  behavior  versus  a 
width-length  ratio  are,  first,  analyzed  and  then  elec¬ 
trical  characteristics  are  done,  so  that  it  is  shown 
that  the  calculated  results  agrees  well  with  the  meas¬ 
ured  data.  Finally,  it  is  essentially  understood  that 
the  present  resonator  is  miniaturized,  strong  against 
shock  and  has  small  series  resistance  Ri  in  the  fre¬ 
quency  range  of  500kHz  to  1. 536MHz,  because  it  is  in¬ 
corporated  with  the  vibrational  portion  and  the  sup¬ 
porting  portions  by  the  etching  method. 

§  1  Introduction 

According  to  miniaturization  and  lightweight 
of  various  products  such  as  portable  products,  commu¬ 
nication  equipment  and  consumer  products,  especially, 
in  development  of  1C  cards  and  pagers,  the  miniatur¬ 
ization  of  quartz  crystal  resonators  which  are  used 
in  the  products  is  keenly  required.  However,  the  min¬ 
iaturization  by  the  conventional  shape  quartz  crystal 
resonator  [7]  brings  about  large  energy  losses 
caused  by  vibration  and  weakness  against  shock,  as 
things  are.  a  quartz  crystal  resonator  fully  satisfy¬ 
ing  this  requisite  is  not  introduced.  In  addition,  in 
manufacturing  processes,  automatic  operation  by  intro¬ 
duction  of  a  robot  is  being  positively  planned.  Under 
these  circumstances,  a  miniaturized  quartz  crystal  res¬ 
onator  which  is  strong  against  shock  and  simultaneously 
crystal  units  suitable  for  surface  mounting  are,  there¬ 
fore,  firmly  required.  In  order  to  achieve  these  re¬ 
quirements,  a  new  design  method  of  a  quartz  crystal 
resonator  including  a  supporting  method  is  needed,  be¬ 
cause.  by  miniaturization  of  a  resonator  consisting  of 
a  vibrational  portion  and  supporting  portions,  it  can 
be.  sufficiently,  forecast  that  the  supporting  por¬ 
tions  greatly  influence  the  electrical  characteris¬ 
tics.  and  also,  a  dimension  omitted  until  now  greatly 
influences  the  resonant  frequency  and  the  frequency 
temperature  behavior. 
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This  paper  proposes  a  new  shape  length  ex¬ 
tensional  mode  quartz  crystal  resonator  with  resonant 
frequency  of  500kHz  to  1.536MHz  and  especially  suitable 
for  a  surface  mounting  type.  In  addition,  the  resonant 
frequency,  the  frequecy  temperature  behavior  and  the 
electrical  characteristics  of  the  new  shape  resonator, 
taking  into  account  lateral  motion,  are  analyzed  and 
examined.  In  analysis  procedure,  first,  an  equation  of 
motion  of  the  new  shape  length  extensional  mode  quartz 
crystal  resonator  consisting  of  a  vibrational  portion 
and  supporting  portions  is  derived  from  an  energy 
method.  From  the  obtained  equation  of  motion,  the  fre¬ 
quency  equation  is  easily  calculated.  Next,  the  fre¬ 
quency  characteristics,  the  frequency  temperature  be¬ 
havior  and  the  electrical  characteristics  of  the  pres¬ 
ent  resonator  are  analyzed  and  compared  with  the  meas¬ 
ured  values,  so  that  it  is  shown  that  both  results 
agree  well.  Let  us  describe  concreatly  below. 

§  2  Analysis  Procedure 
2.1  Equation  of  motion 

Figure  1  shows  a  new  shape  length  extensional 
mode  quartz  crystal  resonator  and  its  coordinate  sys¬ 
tem.  The  present  resonator  consists  of  a  vibrational 
portion  and  supporting  portions  connected  at  the  center 
of  the  vibrational  portion,  furthermore,  it  is  rotated 
with  a  rotation  angle  0  around  x  axis. 

Figure  2  shows  a  modified  shape  of  the  new 
shape  quartz  crystal  resonator  illustrated  in  Fig.  1. 
As  shown  in  Fig. 1,  this  resonator  performs  a  vibra¬ 
tion  of  extensional  and  compressional  modes  in  the  y 
axis  direction  by  an  electric  field  of  the  x  axis 
direction,  so  called,  length  extensional  mode  vibra- 


Fig.  1  New  shape  length  extensional  mode  quartz 

crystal  resonator  and  its  coordinate  system. 
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Fig. 2  Modified  shape  of  the  new  shape 
quartz  crystal  resonator. 


with 

Ts=T5=T.=0 

In  addition,  when  thickness  z<>  of  the  resonator  is  much 
smaller  than  length  y«  (zoCyoK  stress  T<  is  given  as 

T,=0  (7) 

Quite  similarly,  when  width  x»  is  sufficiently  small 
compared  with  length  yu,  stress  T,  becomes  even  smaller 
than  stress  T2,  and  besides  elastic  compliance  constant 
S11  is  much  larger  than  another  elastic  compliance 
constants  sn.  s 3 1 .  Sn.  as  a  result,  the  following 
retation  is  obtained: 


SiiTi^O,  Si  1T1  —  Si iTi  —  s« »Ti — 0  (8) 


tion.  According  to  this  vibration,  it  also  expands  and 
contracts  in  the  x  and  z  axes  dneciion.  Therefore,  it 
is  conceivable  that  the  resonator,  as  shown  in  Fig. 2, 
has  the  supporting  portions  vibrating  in  a  flexural 
mode  with  each  mass  m  at  both  ends  of  the  x  axis  direc¬ 
tion  of  the  vibrational  portion  and  also  with  the 
boundary  conditions  of  'both  hinged  ends"  [1][2], 
That  is.  the  supporting  portions  each  have  mass  m  and 
resistance  to  a  vibration  of  the  vibrational  portion 
(  work  done  by  external  force  ).  Let  us  take  width  x0. 
length  y0  and  thickness  Zo  in  a  dimension  of  the  vibra¬ 
tional  portion  for  this  modified  shape,  which  corre¬ 
spond  to  crystal  axes  x,  y  and  z  of  quartz,  respec¬ 
tively.  Furthermore,  tale  width  Xi.  length  yt  and 
thickness  z<i  in  a  dimension  of  the  supporting  portions 
and  the  center  of  the  vibrational  portion  to  be  the 
original  point  0.  Now,  when  taking  kinetic  energy  K 1 . 
K2  of  the  vibrational  portion  and  one  supporting  por¬ 
tion,  potential  energy  Ui  of  the  vibrational  portion, 
and  work  W2  done  by  external  force  of  one  supporting 

portion,  the  total  kinetic  energy  ft  and  the  total  po¬ 
tential  energy  ft  are  as  follows: 

^=K,+K2|*Xo/2  +K1I-X0/2  U> 

D=U,  ® 

Therefore,  the  Lagrangian  L  is  obtained: 

L^-D  (3) 


Therefore,  strains  S,  (i  =  l~4)  which  are  given  as  a 
function  of  stresses  Ti.  T2  and  elastic  compliance 
constants  Sn.  S12.  s22.  si2.  s(2.  are  expressed  by 

S|=SiiTi+SijT2  1 


Si  =  S2  2T2 
Sj=S32T2 

S4=S4jTj 


>  (9) 


Now,  when  displacements  u,  v.  w  are  taken  in  accordance 
with  the  x.  y  and  z  axes  direction,  first,  derive 
stress  T2  from  the  second  term  of  equation  (9).  next, 
calculate  each  displacement  u,  v.  w  by  substituting 
this  T2  into  the  first,  third  and  fourth  terms  of 
equation  (9),  moreover,  taking  into  consideration  a 
summation  of  displacements  by  length  ex  tens i ona 1  mode 
and  shear  force  to  be  Y.  the  displacements  u.  v,  w  are 
given  as 


,,  ,  .  dv 

U  =  -(l  +  Cx)<7,X-^- 


V  =  V-C7,,Z 


dv 

dy 


w=  -  o 


z 


dv_ 

dy 


r  (10) 


In  addition,  since  resistance  caused  by  the  supporting 
portions  can  be  considered  as  external  force  operated 
on  the  vibrational  portion,  the  total  work  \v  done  by 
the  external  force  is  expressed  as  follows: 

^=Wj|+Xo/2  +W2  |-Xo/2  (4) 

Therefore,  when  taking  time  t,  from  the  variational 
theorem,  the  following  relation  is  given: 

<5  f  1  Ldt+  f ' '  <5$dt  =  0  (5) 

Accordingly,  an  equation  of  motion  is  derived  from 
equation  (5).  Next,  let  us  describe  its  derivatives 
procedure  in  detail.  Since  the  resonator  in  Fig. 1  vi¬ 
brates  in  a  length  extensional  mode  by  an  electric 
field  of  the  x  axis  direction  and  actually  the  electric 
field  is  only  applied  in  the  x  axis  direction,  from  the 
piezoelectric  nature,  stresses  T3.  T5.  To  are  satisfied 


Where  Cx  is  a  correction  factor  showing  displacement 
quantity  increased  in  the  x  axis  direction,  here,  which 
is  determined  by  an  analysis  of  the  finite  element 
method.  Namely,  it  is  conceivable  that  this  makes  a 
Poisson’s  ratio  large  outwardly.  However,  it  goes 
without  saying  that  cx  becomes  zero,  when  Ti=0  and 
there  is  nothing  of  supporting  portion.  In  addition,  the 
signs  of  ct  „  a,,  and  a,  represent  Poisson’s  ratio 
es.  respectively,  and  each  sign  is  given  as  a,  =  -Si2/ 
s22,  cx  r < — -s 1 2/s2 2  and  o  «  =  -S32/s22. 

Next,  by  employing  the  displacements  in  equation  (10) 
the  total  kinetic  energy  ft  is  calculated  as  follows: 


O  fr> >■♦"<  i-fer”  * 


+m(l+Cx),a,, 


*•1  r  g*v  XI 

4  dldy  y= 


±y  1/2^0 


(11) 
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While  taking  approx imately  T ,  =  0  (y0>x<i)  into  account, 
the  total  potential  energy tj  is  given  as 


'0'=4-  A  f ’  /l  7u(-f^-)’dy  ('-cij-cji)  (12) 

2  i  -t oxi  ay 


(1 tc») a  ,x„/2y0)  ,  the  equation  of  motion  is  given  as 
follows: 


.1  34V  ,  <?’v 

-It  --,-  ■,  -ni-rj-  ±F  +  =  0 
dy^t*  <?y'  - 


Where  each  sign  shows  the  sectional  area  A  (  =  x0z0). 
the  density  p  and  width  y2  of  a  connecting  portion, 
k  and  722  are,  respectively,  expressed  by 

kl  =  {(l+Cx)»a,Ix,t+(a,.*  +  o.t)z,M  /12 

7  22  =  (c22— CjjVcjj)=1/Sji 

Next,  when  taking  a  displacement  of  the  supporting 
portion  vibrating  in  a  flexural  mode  to  be  u‘,  the 
work  W?  done  by  external  force  of  the  supporting 
portion  is  given  by  the  following  relationship: 


Where  F  ±  —  v  F  ± 


In  addition,  the  boundary  conditions  are  obtained  quite 
similarly  from  equation  (5): 

m(l-t-c»)»q,»^  -  3‘V  . 

4  dvdy*  y=±yj/2-0 

=  (19) 

dy  y=±y«/2 

v  =  0  ; y  =  0 


Where  E  is  young's  modulus,  and  1  is  the  moment  of 
inertia.  Furthermore,  since  the  operating  portion  in 
the  flexural  mode  can  be  considered  with  the  bounda¬ 
ry  conditions  of  ”  both  hinged  ends  "  at  both  ends,  the 
following  relationship  is  obtained: 

u’ =0 


y=±yi/2.  x=±x»/2 

(14) 


Therefore,  from  equation  (4),  the  displacement  u’  is 
calculated  as  follows: 

u’  =±u0cos  ycosw'  t|x=±x0/2  (15) 

Where  u0  is  the  amplitude,  and  0/  is  the  angular  fre¬ 
quency.  Accordingly,  the  external  force  F|± x0/2  is 
calculated  from  the  below  equation  using  the  displace¬ 
ment  u’  : 

f|±x»/2=— J'1'2  E  I  (  — -)  dy 

•  —r  i/2  dy 

=  +  2uoEI(-^-),cosw’ t  (16) 

The  force  given  in  equation  (16)  is  the  force  at  x  = 
±Xo/2  and  |y)gy2/2-0,  and  it  operates  on  the  vibra¬ 
tional  portion  in  the  y  axis  direction  as  resistance. 
Furthermore,  since  the  force  operating  at  ±x0/2  is  the 
same,  this  force  can  be  considered  as  the  force  per 
unit  volume  F±  operating  on  the  vibrational  portion. 
Accordingly,  the  following  relationship  is  obtained: 

T+-  2Fl~Xo/2  (17) 


Where  V,=x0yoZo. 


The  equation  of  motion  in  equation  (18)  can  be  solved 
under  the  boundary  conditions  of  equat ion(19).  For  this 
resonator,  it  is  so  designed  that  the  resistance  F  ± 
which  is  brought  about  by  the  supporting  portions, 
hardly  suppresses  the  vibration  of  the  length  exten¬ 
sions!  mode,  namely,  becomes  very  small. 

2,2  Frequency  equation 

Next,  let  us  solve  the  equation  of  motion  for 
equation  (18).  When  amplitude  vn.  a  constant  f  which 
is  determined  by  the  boundary  conditions  and  angular 
frequency  u>  are  taken,  the  displacement  v  from  the 
second  term  in  equation  (19)  can  be  written  as  follows, 
including  a  time  expression: 

v=Vo  sinfy  coswt  (20) 


In  addition,  since  the  vibrational  portion  and  the  sup 
porting  portions  are  connected  at  x=±x0/2  and  |y|Sy2/2 
^0,  (o  =  a) '  from  eqations  (15)  and  (20).  Therefore, 
F ±  in  equation  (18)  is  given  as  the  following  form, 
namely, 

/Fk±  =  ±FoCosa>t  (21) 


Where  Fo  has  the  following  relation: 


Fo  =  -  4 


-^EK  — )5 
Vi  yi 


The  resistance  of  equation  (21)  shows  elongation  of  the 
vibrational  portion  produced  by  force  f*±.  When  its 
quantity  is  taken  as  Vicostot,  including  a  time  expres¬ 
sion,  Vi  is  given  as  Fo/pw!,  Hence,  when  the  total 
displacement  v  including  the  supporting  portions  is 
newly  taken,  the  displacement  v  is  given  as 


v=(  V1+V0  sinfy  )coscot  (22) 


Substituting  equation  (22)  into  equation  (18)  and  after 
the  arrangement,  the  resonant  frequency  f  taken  the 
lateral  motion  into  account  is  derived: 


Substituting  equations  (11),  (12)  and  (13)  into  equa¬ 
tion  (5),  since  <5 v  is  arbitrary  under  the  condition 
that  the  vibrational  portion  and  the  supporting  por¬ 
tions  are  connected  at  x=±xfl/2  and  y^O,  taking  Where  the  sign  n  (f  =  n /y0 )  is  determined  by  the 

into  account  that  variation  S  u-  of  the  displacement  boundary  conditions  and  it  is  given  as  a  root  of 

u'  is  approximately  expressed  by  5u’  =  vdv  u  =  equation  (24)  obtained  from  equation  (19). 


f=  JL  111 


1  +kJ(nff/y0): 


(24) 
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M  :Mass  of  vibrational  portion 
or,  to'  :Angular  frequencies  when  taking  into 
account  and  omitting  lateial  motion 


Inaddition  of  the  supporting  portions  gives  u=  0, 
while  addition  of  the  supporting  portions  gives  rise 
to  resonant  frequency  somewhat  higher  than  that  of  its 
inaddition,  because  u  has  a  positive  value  by  adding 
the  supporting  portions.  For  example,  however,  u  has 
a  very  small  value  of  2.  8X10'1  under  the  condition  of 
resonant  frequency  f  ==  1 . OMH z  (y2-0. 1mm).  so  that  fre¬ 
quency  deviation  is  approximately  several  ten  ppm  and 
so  very  small  as  to  neglect  it.  Therefore,  the  constant 

n  can  be  regarded  as  a  positive  value  of  1.  3.  5 . 

approximately,  even  if  the  support ing  port  ions  are 
added. 
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Fig. 3  Relationship  between  frequency  constant 
(f  •  y0)  and  width-length  ratioRxy. 


§  3  Results  and  Discussion 

First  of  all.  a  relationship  of  frequency 
constant  (f  -  y0)  versus  a  ratio  Rxy(  =  x0/yo)  of  width 
x0  and  length  y0  is  shown  from  equation  (23).  Next, 
calculating  the  first  and  second  order  temperature 
coefficients  a,  0  versus  Rxy  and  Rzy  (thickness  z0 
to  length  y0  ratio),  from  this,  a  relationship  of  a 
turn  over  temperature  point  T.  p  versus  Rxy  and  Rzy  is 
shown  in  comparison  with  the  measured  data.  Further¬ 
more.  a  relationship  of  a  turn  over  temperature  point 
T.  p  versus  a  cut  angle  9  is  shown  and  simultaneously, 
an  example  of  frequency  temperature  characteristics  is 
illustrated.  Next,  a  relationship  of  motional  induc¬ 
tance  Li  versus  width  x0  and  length  y0  is  exhibited. 
In  addition,  a  capacitance  ratio  r  which  is  defined  as 
the  ratio  of  shunt  capacitance  Co  and  motional  capaci¬ 
tance  Ci,  is  shown  in  a  relation  of  a  cut  angle  9. 
Finally,  a  relationship  of  series  resistance  Ri  and  a 
quality  factor  Q  versus  resonant  frequency  f  is  shown. 
Besides,  elastic  compliance  constants  [4]  transformed 
flora  elastic  stiffness  constants  of  reference  [3]  are 
employed  in  an  analysis  of  frequency  temperature  char¬ 
acteristics  for  this  paper.  Where  the  first  and  second 
order  temperature  coefficients  Si  i/sn  =7. 39x  10'6/°C, 
s ,  i / s 1 1  =78.  8 x  10  n/°C2  ( •  =  d/d T.  T:  Temperature  )  of 
Si i  are  employed  in  this  calculation,  because  the 
temperature  coefficients  of  cu  have  basically  a 
physical  error  and  taking  this  fact  into  account. 

3, 1  Frequency  constant 

Figure  3  shows  a  relationship  between  fre¬ 
quency  constant  (f  •  y0)  and  Rxy  ( = x0/yo ),  which  is 
given  as  the  ratio  of  width  xo  and  length  yo.  of  a 
length  extensional  mode  quartz  crystal  resonator  with 
the  cut  angle  9=  (TOO’,  length  yo=2.50mm  (f=l.lMHz) 
of  the  vibrational  portion  and  thickness  zo  =  160//m. 
That  is,  versus  a  change  of  width  Xo  of  the  vibrational 
portion.  As  is  apparent  from  equation  (23),  according 
to  increase  of  the  dimensional  ratio  Rxy,  the  frequency 
constant  ( f  *  y0 )  becomes  somewhat  small  and  this 
tendency  in  this  calculation  agree  well  with  the  meas- 
uied  values.  However,  this  quantity  of  change,  as  shown 


Width- Length  Ratio  Rxy(X10  2) 


Fig. 4  Relationship  between  first  order  temperature 
coefficient  a  and  width-length  ratio  Rxy. 


in  Fig. 3,  is  so  extremely  small  as  to  neglect  it. 
In  addition,  with  respect  to  an  absolute  value  of  the 
frequency  constant  (f  -  y0).  for  example,  when  Rxy=3. 2 
xlO-2  (xo=80/am),  the  frequency  constant  (f  -  y0)  has 
a  value  of  272kHz  •  cm  in  the  calculation,  while  it  has 
a  value  of  278kHz  •  cm  in  the  experiments.  Both  results 
comparatively  agree  well,  even  if  there  occurs  an  error 
about  2.2  per  cent  between  them.  In  particular,  the 
error  between  in  the  experiments  and  in  the  calcula¬ 
tion  shows  a  tendency  to  increase  a  little  bit  in  the 
area  of  small  Rxy,  it  is  conceivable  for  the  reason 
that  etching-remainder  remained  in  the  length  direction 
by  chemical  etching  greatly  affects  it. 

3,2  Frequency  temperature  coefficients  and  turn  over 
temperature  point 

Figure  4  shows  a  relationship  between  the 
first  order  temperature  coefficient  a  and  the  dimen¬ 
sional  ratio  Rxy  of  the  present  quartz  crystal  reso- 
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Width-Length  Ratio  Rxy(X10'2)  Width-Length  Ratio  Rxy(X10"2) 

Fig. 5  Relationship  between  second  order  temperature  Fig. 6  Relationship  between  turn  over  temperature 

coefficient  0  and  width-length  ratio  Rxy.  point  T.  p  and  width-length  ratio  Rxy. 


nator  with  the  cut  angle  S=0°00’,  length  y0=2.  50mm 
( f  =  1 .  1 MH z )  of  the  vibrational  portion,  thickness  z0  = 
160/im  and  cx=  1. 413.  In  this  case,  also,  versus  a 
change  of  width  x0.  As  the  dimensional  ratio  Rxy  is 
increased,  a  also  becomes  large.  For  this  result,  it 
is  suggested  that  the  turn  over  temperature  point  T.  p 
shifts  by  a  change  of  width  xn.  The  solid  line  repre¬ 
sents  the  calculated  values,  while  the  sign  Q  repre¬ 
sents  the  experimental  data,  both  results  are  in  good 
agreement. 

Figure  5  shows  a  relationship  between  the 
second  order  temperature  coefficient  0  and  the  dimen¬ 
sional  ratio  Rxy  of  a  resonator  with  the  same  cut  angle 
and  dimensions  as  the  resonator  of  fig. 4.  As  is  obvious 
from  Fig. 5,  0  versus  Rxy  almost  shows  the  constant 
value  in  both  the  calculated  values  and  the  measured 
ones,  which  value  gives  approximately  -3.  5x  KT*/°CJ. 
Both  results  agree  very  well. 

Figure  6  shows  a  relationship  between  the 
turnover  temperature  point  T.  P  and  the  dimensional 
ratio  Rxy  of  a  resonator  with  the  same  cut  angle  and 
dimensions  as  the  resonator  of  Fig.  4.  Namely,  T,  p  is 
calculated  flora  a  in  Mg.4  and  p  in  Fig.o  computed 
under  the  condition  of  cx  =  1.413.  As  mentioned  above, 
according  to  increase  of  Rxy,  a  also  increases,  then, 
since  $  almost  shows  the  constant  value.  T. p  becomes 
high  according  to  increase  of  Rxy.  That  is.  according 
to  the  change  of  Rxy  =  2.  4xl0-2  (xo  =  60izm)  to  8.  Ox 
10-?  ''xo=200ym).  T.p  raises  9. 9°C  in  the  calculation 
and  10. 8'C  in  the  experiments,  the  calculated  values 
shown  by  the  solid  line  and  the  experimental  cnes  by 
the  signs  0,  as  shown  in  Fig. 6.  are  i n" good  agreement, 
while  the  broken  line  is  calculated  in  the  case  of  cx  = 
0,  in  other  word,  under  the  conditions  of  T i  =0  and  no 
existing  supporting  portions.  In  this  case,  the  varia¬ 
tional  quantity  of  T.  p  versus  a  change  of  Rxy  is  ex¬ 
tremely  small,  a  big  difference  between  the  calculated 
results  and  the  measured  values  of  the  present  reso¬ 
nator  takes  place.  Judging  from  this  result,  it  is 
easily  understood  that  the  displacement  of  the  width 
direction  caused  by  stress  Ti  and  the  supporting  por¬ 
tions  added,  is  not  so  small  as  to  neglect  it. 

Figure  7  shows  a  relationship  between  the 
turn  over  temperature  point  T. p  and  a  dimensional  ratio 


2 

Thickness-Length  Ratio  Rzy(X10  ) 


Fig.  7  Relationship  between  turn  over  temperature 
point  T.p  and  thickness-length  ratio  Rzy. 


Rzy,  which  is  expressed  by  the  ratio  of  thickness  z0 
and  length  y0.  of  a  resonator  with  the  cut  angle  9- 
0°00’ ,  length  yo  =  2.50mra  (  f  =  l.  1MHz  )  of  the  vibra¬ 
tional  portion,  width  Xo  =  80x/ra  and  c  *  =  1 .  4 1 3.  As  the 
dimensional  ratio  Rzy  is  increased,  T.p  exhibits  a 
tendency  to  lower.  For  example,  as  'he  dimensional 
ratio  Rzy  has  an  increasing  value  such  as  5. OxlO'2 
(z0  =  125jum),  6.4xlO_J  (z0  =  160/zm)  and  7.4X10"2  (z0 
=  185/zm)  in  the  experiments,  the  T.p  has  conversely  a 
decreasing  value  such  as  24.3.  23.2  and  23. 1°C.  This 
tendency  agrees  well  with  the  calculated  values.  Fur¬ 
thermore,  the  variational  quantity  of  T.p  versus  the 
dimensional  ratio  Rzy  is  smaller  than  that  of  T.p 
versus  the  dimensional  ratio  Rxy.  Thus,  it  is  substan¬ 
tially  understood  that  a  turn  over  temperature  point 
T.p  varies,  although  there  exists  its  large  and  small 
quantity  of  variation  by  changing  a  dimensional  ratio 
of  the  length  extensional  mode  quartz  crystal  reso¬ 
nator.  This  is  due  to  the  fact  that  deformation  depend¬ 
ent  upon  Poisson’s  ratioes  and  so  on  of  the  width  Xo 
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Fig.  8  Relationship  of  turn  over  temperature 
point  T.  p  to  cut  angle  9. 


and  thickness  Zo  directions  is  generated  by  following 
the  vibration  in  the  length  y0  direction. 

Figure  8  shows  a  relationship  between  the 
turn  over  temperature  point  and  a  cut  angle  9  of  a 
resonator  with  length  yo=2.G2mm  (f  =  1.  056MHz).  width 
x0=80i/m  and  thickness  zo  =  160ym.  As  the  cut  angle  9 
is  increased.  T. p  rises  and  reaches  to  the  maximum 
value  at  the  cut  angle#  of  about  6.  3'C-  and  as  the  cut 
angle  9  is  further  increased.  T. p  lowers.  The  signs 
0  are  the  measured  values,  which  exhibits  the  values 
at  the  cut  angle  9  of  -2°  to  +2°.  It  is  essentially 
understood  from  Fig.  8  that  the  calculated  results  are 
in  very  good  agreement  with  the  measured  data,  and  also 
that  the  cut  angle  9  for  the  present  resonator  is  to 
be  in  close  vicinity  to  zero  degree  so  as  to  establish 
T.  p  in  the  vicinity  of  ambient  temperature. 

3.3  Frequency  temperature  characteristics 

Figure  9  shows  the  frequency  temperature 
characteristics  of  a  resonator  with  the  cut  angle  9  = 
0°00',  length  y0  =2.  62mm(f  =  1.  056MHz).  width  Xo  =  80 
zzm  (Rxy  =  3. 05x  10‘2)  and  thickness  Zo  =  160/zm  ( R z y  — 
G.  11  x  10" 2 .  T.  p  shows  21.8°C  in  the  calculation,  while 
it  shows  ??. 8rC  in  the  measured  values,  these  results 
sufficiently  agree  well.  In  addition,  the  second  order 
temperature  coefficient  $  has  a  value  of  -3. 50X10'1/ 
'C2  in  the  calculation,  while  it  has  a  value  of  -3.52x 
10  V°C2  in  the  measured  values,  both  results  are  in 
very  good  agreement.  Hence,  as  shown  in  Fig.  9,  even 
though  being  apart  from  the  turn  over  temperature  point 
gradually,  the  measured  values  agree  well  with  the  cal¬ 
culated  ones. 

Figure  10  shows  another  frequency  temper¬ 
ature  characteristics  of  a  resonator  with  the  cut  angle 
9  =  0°00',  length  y0  =2.  50mm(f  =  l.  1MHz)  and  thickness 
z0  =  160«m.  taking  width  x0  as  a  parameter.  It  has 
been  shown  in  Fig.  6  that  the  change  of  width  x0  causes 
the  shift  of  the  turn  over  temperature  point  T.  p.  In 
case  of  the  present  resonator,  width  x0=GOyzm  gives 
T.  p  =  21.  l'C  in  the  calculation  and  T.  p  =  20. 8°C  in  the 
measured  data,  while  width  Xo=200zzm  increased  gives 
T.p  =  31.0’C  in  the  calculation  and  T.  p  =  31.6°C  in  the 
measured  values.  From  these  results.  T.  p  rises  9. 9°C  in 


Temperature (°C) 

Fig.  9  Fiequcnoy  Umpetatuie  chaiartei  ist  ics. 


Fig.  10  Frequency  temperature  characteristics 
when  taking  width  x«  »s  a  parameter. 


the  calculation  and  10.8'C  in  the  measured  values  for 
the  change  of  width  Xn=60ym  to  200ym.  These  calcu¬ 
lated  and  measured  results  are  also  in  close  agreement. 
Thus,  it  is  easily  understood  that  the  turn  over 
temperature  point  T.  p  of  the  length  extensional  mode 
quartz  crystal  resonator  extremely  miniaturized,  re 
markablv  shifts  by  not  only  the  cut  angle  9,  but  also 
width  Xo.  Accordingly.  T.  p  can  be  established  to  an 
arbitrary  temperature  by  combining  the  cut  angle  9  and 
particularly,  the  dimensional  ratio  Rxy  (xo/yn). 

3. 4  Mot ional  inductance  Li 

Motional  inductance  Li  can  be  calculated  by 
taking  kinetic  energy  to  be  equal  to  electromagnetic 
energy  in  the  equivalent  circuit  [5]  .  Therefore, 
taking  into  account  that  the  displacements  u.  w  very 
dependent  upon  a  Foisson's  ratio  is  so  small  as  to  be 
able  to  disregard  it.  compared  with  the  displacement 
v.  the  following  relationship  is  given  as 
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Fig.  11  Motional  inductance  Li  to  width  x0  when 
taking  thickness  z0  as  a  parameter. 
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Fig.  12  Motional  inductance  Li  to  length  y«. 
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Where  density  p  of  quartz,  volume  Vi  ot  the  vibra¬ 
tional  portion,  piezoelectric  constant  e,i  [6]  and 
excitation  electrode  area  Se.  Now.  let  us  take  the 


center  of  the  vibrational  portion  to  be  an  original 
point  o.  and  when  the  electrodes  fot  excitation  are 
disposed  on  the  entire  surfaces  of  the  vibrational 
portion  parallel  to  the  z  axis,  not  including  the 
surfaces  perpendicular  to  the  y  axis  and.  also,  its 
position  which  are  disposed  in  the  y  axis  direction, 
have  a  value  of  y b/2  and  y./2,  as  a  result  of  calcula¬ 


tion.  Li  is  given  as 


p  xoy»  1 

8  e  ii*  Zo  G 


(26) 


Where  G  is  a  constant  determined  by  excitation  elec¬ 
trode  area  and  expressed  as 


G=  (sin( zr y./2y0)  —  sin( zry*/2y0)}  *  (27) 


Fig.  13  Capacitance  latio  r  to  cut  angle  0. 

Needless  to  say.  it  goes  without  saying  that  G  1  when 
the  electrodes  are  disposed  on  the  entire  of  surfaces 
perpendicular  to  x  axis. 

Figure  11  shows  a  relationship  between  mo 
tronal  inductance  Li  and  width  xo  of  a  resonator  with 
length  yo=2.50mm.  the  cut  angle  fl=0'00'.  y„-  50am 
and  y,/'yo^O.  84,  taking  thickness  Zo  as  a  parameter.  As 
is  apparent  from  equation  (26),  L.  is  proportional  to 
Xo  and  Fig. 11  also  shows  the  same  resulls.  The  solid 
line  and  the  broken  line  exhibit  the  calculated  results 
at  thickness  zn  =  185am  and  z0  =  125a m.  respectively, 
both  results  agrees  well  with  the  measured  data.  More 
over,  as  thickness  zo  is  increased.  Li  is  decreased 
because  Li  is  inversely  proportional  to  the  thickness 
Zo. 

Figure  12  shows  a  relationship  between  mo¬ 
tional  inductance  Li  and  length  y0  of  a  resonator  with 
width  Xo  =  80am.  thickness  z0  =  185am.  the  rut  angle  8 
=  0°00’,  yb  =  50am  and  y./yo~0.  84.  Since  Lt  is  pro 
port i ona 1  to  length  yn.  Li  shows  a  marked  variation  of 
about  10  to  14  (H).  according  as  length  y0  changes  from 
1.8mm  (f  =  1.5MHz)  to  2.5mm  (f  =  l.  1MHz).  It  is  readily 
apprehended  from  Fig.  12  that  the  calculated  and  meas¬ 
ured  results  are  in  good  accordance. 

3.5  Capacitance  ratio  r 

In  designing  a  resonator,  it  is  of  great  im 
portance  what  value  the  resonator  has  in  practice. 
A  capacitance  ratio  r  is  defined  as  a  ratio  of  shunt 
capacitance  Co  and  motionai  capacitance  Ci  of  the  reso¬ 
nator.  namely.  r  =  Co/Ci.  Therefore,  taking  electrode 
length  z.  of  the  thickness  direction  and  dielectric 
constant  t.  the  capacitance  ratio  r  is  given  as 

-  n* *  e  in  ( y»  ~  y>  )z«  (no) 

r  32Gh  e  .»*  y.z, 

where  h=  1  +k,(n?r/yo)J 

From  equation  (28).  it  is  readily  understood  that  the 
capacitance  ratio  r  is  dependent  upon  the  excitation 
electrode  area,  the  cut  angle  8.  and  the  order  of 
overtone,  but  independent  upon  width  x0.  due  to  k-0 
substantially.  In  addition,  r  for  fundamental  vibration 
is  determined  by  only  the  cut  angle  9,  in  case  of 
disposing  the  excitation  electrodes  on  the  entire  of 
yz  surfaces  of  the  vibrational  portion. 
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Figuie  13  shows  a  relationship  between  the 
capacitance  ratio  r  and  the  cut  angle  0  of  a  resonator 
with  width  x„  -80/m  length  yu  =  2.G2rajB  and  thick' 
ness  z0  =  160  o!n  (f  =  1.  056MHz),  which  shows  the  ealcu 
lated  values  at  the  cut  angle  6  of  3°  to  *3°  and  the 
measuied  ones  in  several  points.  As  is  illustrated  in 
Fig. 13,  the  capacitance  ratio  has  a  very  small  value 
such  as  about  120  in  the  calculation  and  about  140  in 
the  experiments,  hence,  the  present  resonator  is  a 
lesonator  which  is  extremely  excellent  in  an  e 1 ec - 
1 1  ornechan  ica  1  transfoimat  ion  ratio.  But.  an  enor 
of  about  14  per  cent  between  the  measured  and  ca leu- 
lated  values  takes  place,  this  seems  to  be  due  to  the 
fact  that  stray  capacitance  of  the  supporting  poi lions 
for  the  present  resonator  is  ignored  in  the  calcula- 
tion  of  r.  In  addition,  since  the  piezoelectric  con¬ 
stant  e 1 2  hardly  vat  i e s  between  the  cut  angles  of 
3°  and  *3°.  and  can  be  almost  regarded  as  a  con¬ 
stant  value,  the  capacitance  ratio  r  also  shows  the 
constant  value  between  them. 

3.6  Series  resistance  Ri  and  quality  factor  Q 
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Fig.  14  Relationship  of  set  ies  resistance  h\  and 
quality  factor  ()  to  resonant  frequency  f. 


Figure  14  shows  a  relationship  of  scries 
i es i stance  Ri  and  a  quality  factor  Q  versus  resonant 
frequency  f  of  resonators  with  the  cut  angle  #=0°00'. 
which  aie  very  suitably  designed  in  the  dimensions, 
that  is.  such  as  x0  =  106/m  yu=4.6mm.  and  zo=200/m 
at  0.6MHz.  Xu--100/zm.  yu  ~=2.  5mm.  and  Zo  =  160zzm  at 

1.  1MHz.  x  „  -  80  n  m.  y0=2.3mm.  and  Zo  =  185/m  at  1.  2MHz 
and  xo  80dm.  yo- 1.8mm.  and  Zo^=1854/rn  at  1.5MHz. 
For  example,  when  f -0.6MHz,  Ri  has  a  value  of  269Q 
and.  even  though  the  resonant  frequency  f  is  markedly 
varied  like  f  =  l.  1,  1.2  and  1.5MHz,  Ri  has  also  a  very 
small  value  such  as  313.  262  and  280Q.  respectively. 
Therefore,  these  results  come  to  a  conclusion  that  the 
present  resonator's  shape  and  the  determination  of  its 
dimension  ate  all  right,  for.  it  is  substantially  im¬ 
possible  to  obtain  the  very  small  values  of  Ri  like 
this,  in  particular,  when  the  shape  of  the  supporting 
portions  and  the  dimension  for  a  resonator  are  not 
basically  desienpd  very  well.  In  still  more  detail, 
their  exist  a  few  factors  to  determine  R,  of  the  reso¬ 
nator  and,  of  the  factors,  it  goes  without  saying  that 
the  supporting  portion  is  the  greatest  factor,  because 
it  becomes  a  big  cause  to  bring  about  energy  losses  by 
vibration.  As  described  untii  now.  since  the  present 
length  extensional  mode  quartz  crystal  resonator  has 
a  large  value  of  Li  and  a  small  one  of  Ri.  it  is 
readily  forecast  that  it  is  a  resonator  with  a  high 
quality  factor.  As  is  obvious  from  Fig. 14,  the  ex¬ 
tremely  high  quality  lactor  such  as  44xl0\  43X10V 

37x10'  and  35xio4  can  be.  respectively,  obtained  at 
the  resonant  frequencies  of  f  =  0.6,  1.1,  1.2  and  1.5 
MHz.  A  series  of  these  electrical  equivalent  circuit 
parameters  are  sufficiently  satisfactory  to  a  reso¬ 
nator. 

Table  1  shows  the  typical  values  of  elec¬ 
trical  parameters  for  the  new  shape  length  extensional 
mode  quartz  crystal  resonator,  when  the  resonator  with 
the  resonant  frequency  of  0. 5MHz  to  1. 5MHz  is  very 
suitably  designed,  where  the  capacitance  ratio  r  is  a 
value  including  stray  capacitance  of  an  unit  which 
houses  the  present  resonator,  and  stray  capacitance 
of  the  supporting  portions  for  this  resonator. 

Figure  15  shows  the  new  shape  length  exten¬ 
sional  mode  quartz  crystal  resonators  developed  by  us. 
A  great  number  of  miniaturized  quartz  crystal  reso- 


Table  1  Electrical  paiameters. 


f (MHz) 

L,  CH) 

Ri  (Q) 

Q( X 10’)  !  r 

0.  5 

42.2 

247 

54 

252 

0.6 

31.5 

269 

44 

286 

1.  1 

19.3 

313 

43 

402 

1.2 

12.8 

262 

37 

358 

1.5 

10.2 

280 

_ 

35 

405 

nators  are  disposed  in  lines  and  foimed  in  a  piece  of 
wafer  by  a  chemical  etching  process.  This  process  is. 
therefore,  superior  in  mass  production. 

Figure  16  shows  so  called,  a  quartz  crystal 
unit  of  a  surface  mounting  type,  housing  the  said 
resonator  in  a  ceramic  case  with  the  thickness  of  1mm. 
As  illustrated  in  Fig.  16.  the  present  resonator  is. 
also,  strong  against  shock,  because  it  is  incorpoiated 
with  the  vibrational  portion  and  the  supporting  por 
tions  by  an  etching  method.  Thus,  we  have  succeeded 
in  developing  the  ultra-miniatured  quartz  units. 

Figure  17  shows  another  quartz  crystal  unit 
housing  the  said  resonator  in  a  tubular  rasp. 

§  4  Conclusions 


For  the  purpose  of  application  to  portable 
products,  consumer  products  and  communication  equip¬ 
ment.  this  paper  has  proposed  the  new  shape  length 
extensional  mode  quartz  crystal  resonator  consisting 
of  the  vibrational  portion  and  the  supporting  portions, 
formed  by  an  etching  method  and  has.  theoretically  and 
experimentally  examined  frequency  temperature  behavior 
and  electrical  characteristics  of  its  resonator.  In 
analysis  procedure,  first,  a  vibration  analysis  includ¬ 
ing  the  vibrational  portion  and  the  supporting  por¬ 
tions,  and  taking  lateral  motion  into  account  has  been 
performed  by  an  energy  method,  so  that  the  frequency 
equation  has  been  derived. 

Next,  the  frequency  temperature  character- 
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Fig.  15  New  shape  length  extensional  mode  quartz 
crystal  resonators  formed  by  etching  method. 


Fig.  16  Quartz  crystal  unit  of  surface  mounting  type. 


Fig.  17  Quartz  crystal  unit  of  tubular  type. 


istics  have  been  clarified  from  this  equation,  the 
analysis  results  have  been  compaied  and  studied  with 
the  experimental  data.  As  a  lesult.  it  has  been  shown 
that  the  cut  angles  which  give  a  zero  temperature 
coefficient,  exist  and  the  excellent  fiequency  temper¬ 
ature  characteristics  are  actually  obtained.  ven  if 
the  supporting  portions  are  added  to  the  vibiutional 
portion  like  the  present  resonator.  In  addition,  it  has 
been  also  shown  that  the  turn  over  temperature  point 
T. p  varies  by  a  width-length  ratio  and  a  thickness- 
length  ratio,  in  particular,  remarkably  by  the  width- 
length  ratio.  Furthermore,  as  the  result  of  examining 
the  electrical  characteristics,  the  resonators  with  a 
small  value  of  R,  and  a  high  quality  factor  have  been 
obtained  in  the  frequency  range  of  0.5  to  1.5MHz.  in 
other  words,  it  has  been  readily  understood  that  the 
shape  of  the  supporting  portions  and  the  dimension 
for  this  resonator  are  basically  designed  very  well. 

Thus,  the  present  resonator  is  superior  in 
various  points,  and  then,  very  suitable  for  a  surface 
mounting  type  being  eagerly  required  at  present,  be¬ 
cause  it  is  extremely  miniaturized  and  thinly  formed  by 
an  etching  method.  Simultaneously,  since  the  resonant 
frequency  and  the  frequency  temperature  characteristics 
of  the  present  resonator  are  exactly  analyzed  by  three 
dimensions  taking  width  and  thickness  into  considera¬ 
tion,  the  turn  over  temperature  point  for  various  fre¬ 
quencies  can  be.  theoretically,  established  to  an 
arbitrary  temperature,  so  that  the  developing  term  is 
substantially  shortened.  Finally,  for  the  coming  sub¬ 
ject.  the  possibility  to  higher  frequency  will  be  clar¬ 
ified  theoretically  and  experimentally. 
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Simulation  of  Noise  Processes  in  Thickness-Shear  Resonators  Caused 
by  Multilayer  Adsorption  and  Desorption  of  Surface  Molecules. 
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University,  P.O.  Box  909,  Piscataway,  NJ  08855-0909 


ABSTRACT. 

Effects  of  multilayer  contamination  >  >n  mean  resonant 
frequency  and  frequency  fluctuations  in  thickness-shear 
resonators  are  studied.  A  model  based  on  mass-loading 
of  contaminant  molecules  with  adsorption  and  desorption 
rates  is  developed.  Equations  relating  change  in  mean  fre¬ 
quency  and  frequency  fluctuations  to  adsorption  and  des¬ 
orption  rates  are  derived.  Since  the  adsorption  and  desorp¬ 
tion  rates  are  functions  of  pressure  and  temperature,  change 
in  mean  frequency  and  spectral  density  of  frequency  fluctu¬ 
ations  are  studied  with  respect  to  pressure  and  temperature. 
Calculations  are  performed  for  a  10  MHz  thickness-shear 
resonator.  Frequency-temperature  and  frequency-pressure 
curves  are  plotted  for  the  10  MHz  resonator.  The  curves 
do  not  follow  a  cubic  polynomial  function  and  have  a 
magnitude  in  the  range  of  10  ppm.  The  mean  square  of 
frequency  fluctuations  under  multilayer  contamination  is 
significantly  greater  than  that  under  monolayer  contami¬ 
nation.  The  spectral  density  of  frequency  fluctuations  at 
1  Hz  is  quite  constant  in  a  wide  range  of  temperatures 
(-50  to  100°C)  when  the  values  of  heat  of  adsorption  for 
the  second  and  subsequent  layers  is  close  to  that  for  the 
first  layer.  The  magnitude  of  spectral  density  of  frequency 
fluctuations  is  about  -120  dBc  (Hz2/Hz). 


I.  introduction. 


The  effect  on  resonant  frequency  due  to  a  very  thin 
mass  layer,  such  as  one  or  more  layers  of  molecules,  ad¬ 
sorbed  on  a  thickness-shear  quartz  resonator  is  measur¬ 
able,  and  is  employed  in  quartz  microbalances  for  surface 
adsorption  studies[l].  Since  the  adsorbed  molecules  are 
known  to  have  finite  lifetimes  on  the  surface,  the  num¬ 
ber  of  adsorbed  molecules  at  a  given  instant  will  fluctu¬ 
ate.  Hence,  short-term  frequency  instabilities  will  result 
if  the  resonator  is  sufficiently  sensitive  to  the  fluctuations. 
This  was  shown  to  be  theoretically  possible  for  monolayer 
contamination  in  ultra-high-frequency  thickness-shear  res¬ 
onators^].  We  examine  in  this  paper  the  effects  of  tem¬ 
perature  and  pressure  on  changes  in  mean  resonant  fre¬ 
quency  and  frequency  fluctuations  due  to  multilayer  ad¬ 


sorption  of  contaminant  molecules  on  the  surfaces  of  a  10 
MHz  thickness-shear  resonator. 

II.  Adsorption  of  Gases  and 
Vapors  on  a  Resonator  Surface. 

For  multilayer  adsorption  of  gases  and  vapors  on 
the  surfaces  of  a  thickness-shear  resonator,  we  employ  a 
BET  model  which  was  proposed  by  Brunauer,  Emmett, 
and  Teller[3].  The  reader  is  also  referred  to  a  text  by 
Adamson[4],  The  assumptions  are:  (1)  The  number  of 
molecules  adsorbing  on  a  given  surface  is  equal  the  number 
of  molecules  desorbing  during  a  steady  state  equilibrium, 
(2)  the  heat  of  adsorption  for  the  first  layer,  £/,  has 
some  special  value,  whereas  for  all  succeeding  layers,  it  is 
equal  to  the  heat  of  condensation  of  the  liquid  adsorbate, 
£»,  and  (3)  the  adsorption  and  desorption  can  occur  only 
from  or  on  exposed  surfaces.  Figure  1  from  reference 
[4]  shows  portions  of  surfaces  St  covered  by  i  (i  =  0, 

1,  2 . )  layers  of  contaminant  molecules.  The  adsorbed 

molecules  are  assumed  to  have  no  lateral  interactions  with 
their  neighbors. 

a)  Adsorption  and  Desorption  Rates 
of  Contaminant  Molecules. 

The  rate  of  arrival  of  molecules  at  a  surface  can 
be  evaluated  readily  from  simple  kinetic  theory  of  gases 
involving  the  pressure  and  kinetic  energy  of  the  molecules. 
If  a  site  spacing  of  0.5  nm  is  assumed,  the  rate  of  arrival 
of  molecules  at  a  site  is 

r  =  87.8x10 eP/VMT  molecules/sitc/s,  (1) 

where  P  is  pressure  in  torrs,  M  is  molecular  weight  of 
molecules,  and  T  is  temperature  in  kelvins.  Not  all  the 
arriving  molecules  which  impinge  on  the  surface  stick  to 
iL  The  rate  of  contamination  of  molecules  at  a  site  is 

Xi  =  molecules/site/s,  (2) 

where  Si  is  the  sticking  coefficient  which  is  the  probability 
of  adsorption  of  a  molecule  impinging  at  the  surface  5,. 
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An  adsorbed  molecule  will  reside  on  a  site  for  a  mean 
time  of  stay,  and  subsequently  desorb  from  the  surface. 
The  rate  of  desorption  per  site  from  surface  Si  is 

pt  =  Ae molecules/site/s,  (3) 

where  A  is  assumed  to  have  a  value  of  lxlO13,  £;  is  the 
heat  of  adsorption  in  kcal/mole,  and  £  is  the  gas  constant. 
For  surfaces  St  where  i  is  greater  than  one,  the  rate  of 
desorption  per  site  is 

p 2  =  Ae~E*1'^  molecules/site/s,  (4) 


III.  Changes  in  Mean 
Resonant  Frequency. 

From  Eq.(7),  we  observe  that  the  steady-state  proba¬ 
bilities  pi,  being  functions  of  the  adsorption  and  desorption 
rates,  are  functions  of  temperature  and  pressure  for  a  given 
absorbate-contaminant  system.  The  sensitivity  of  the  res¬ 
onator  to  mass  loading  is  confined  mainly  to  the  electrode 
patch.  A  monolayer  of  contaminant  molecules  covering 
the  electrode  patch  will  change  the  resonant  frequency  by 
the  amount 


where  £,  is  the  heat  of  condensation  in  kcal/mole. 


b)  Dynamic  Equilibrium  Between  the 
Resonator  Surface  and  the  Contaminant  Gas. 

The  derivation  of  the  steady-state  probabilities  of  a 
site  being  uncontaminatcd,  or  contaminated  with  one  or 
more  molecules,  follows  essentially  that  given  by  the  BET 
model.  We  presently  assume  that  the  adsorbed  mass  layer 
will  consists  of  no  more  than  three  layers  of  molecules. 
Hence,  the  sticking  coefficient  sj  is  given  a  value  of 
zero.  Derivations  for  models  with  more  than  three  layers 
are  similar  to  what  is  given  here.  When  the  system  of 
contaminant  gas  and  resonator  surface  settles  down  to  a 
steady  state  dynamic  equilibrium,  the  states  of  a  site,  which 
is  either  uncontaminated  (stale  0),  or  contaminated  with 
i  molecules  in  a  laycrwise  manner,  can  be  described  by 
steady-state  probabilities  p,  (i  =  0,  1,  2.  3).  The  rate  at 
which  a  site  enters  state  i  is  equal  to  the  rate  at  which  it 
leaves,  that  is, 

P0-^0  =  PlPl 

p1Ai=p2p2  (5) 

p2A2  =  P3P2- 

The  steady-state  probabilities  must  sum  to  one,  since  the 
site  must  at  any  given  time  be  in  one  of  the  states, 


P0  +  Pi  +  P2  +  P3  =  1  (6) 


The  steady-state  probabilities  p,  can  be  expressed  in  terms 
of  the  adsorption  and  desorption  rates  using  Eqs.(5)  and 
(6): 


Po 


I) 

Ao 


Pi 


Pi  D 


P2  = 
P3  = 


■^0^1 
PlP2  D 
AqAi A2 
Pip^D 
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whcre  D  =l  + hi +  h°± I  + 

Pi  PlP2  PlP2 


m' 

A !  =  -fo—  (8) 

m 

where  m  and  m  are  the  mass  per  unit  area  of  contami¬ 
nant  molecules  and  mass  per  unit  area  of  resonator  plate, 
respectively.  The  resonator  frequency  is  f0.  The  negative 
sign  signifies  that  the  resonant  frequency  decreases  with 
mass  loading.  Eq.(8)  is  valid  only  when  the  mass  per  unit 
area  of  contaminant  molecules  is  much  smaller  than  the 
mass  per  unit  area  of  resonator  plate.  The  resonator  is 
assumed  to  vibrate  in  a  pure  thickness-shear  mode.  The 
actual  change  in  frequency  will  depend  on  the  number  of 
molecular  layers  and  fraction  of  surface  covered,  namely, 

A/  _ 

fo  (9) 

2A/  ((pi  -  pi0)  +  2(p2  -  p2o)  +  3  (P3  -  P30)) 

where  pio  (»  =  1 , 2, 3)  are  the  steady-state  probabilities  at 
the  reference  temperature  and  pressure,  and  the  factor  two 
on  the  right  hand  side  accounts  for  contamination  on  the 
top  and  bottom  surface. 

a)  Changes  in  Mean  Resonant  Frequency  for 
a  10  MHz  Thickness-Shear  Resonator. 

Simple  calculations  are  performed  for  a  10  MHz 
thickness-shear  resonator  to  examine  the  characteristics 
and  magnitude  of  changes  in  mean  frequency  as  a  func¬ 
tion  of  temperature  and  pressure.  The  resonator  thickness 
is  0.165  mm  and  the  area  of  circular  electrode  patch  is  10 
mm2.  A  0.5  nm  thick  monolayer  of  molecules  covering 
the  top  electrode  and  having  a  density  equivalent  to  quartz 
will  yield 


A j  =  30  Hz, 

A/  ,  (10) 

or  — 3-  -  3  ppm. 
fo 

The  molecular  weight  of  contaminant  molecules  is  taken 
as  equal  to  28.  For  our  calculations  of  the  adsorption  rates, 
we  take  values  of  sticking  coefficients  s,  (i  =  0, 1,2)  equal 
to  0.1. 
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Figure  2  shows  the  effects  of  surface  contamina¬ 
tion  with  temperature  on  the  mean  resonator  frequency 
in  parts  per  million.  Three  frequency-temperature  curves 
are  given  corresponding  to  heats  of  adsorption  IS,  18,  and 
21  kcal/mole.  The  heats  of  condensation  are  taken  to  be 
75  percent  of  their  respective  heats  of  adsorption.  The 
pressure  is  kept  constant  at  0.001  torr.  We  observe  that 
the  surface  contamination  as  a  function  of  temperature  can 
cause  the  mean  frequency  to  change  as  much  as  10  ppm. 
The  f-T  curves  do  not  follow  a  cubic  polynomial  func¬ 
tion.  The  characteristics  and  magnitudes  of  curves  will  be 
affected  by  initial  pressures,  heats  of  adsorption  and  con¬ 
densation,  and  sticking  coefficients.  The  mean  frequency 
increases  with  increasing  temperature. 

Figure  3  shows  the  effects  of  surface  contamination 
with  pressure  on  the  mean  resonator  frequency  in  parts 
per  million.  The  three  frequency-pressure  curves  have  the 
same  corresponding  heats  of  adsorption  and  condensation 
as  in  Fig.2.  The  temperature  is  kept  constant  at  25°C. 
We  observe  that  the  mean  frequency  is  also  sensitive  to 
pressure  changes,  and  b  of  a  higher  order  function  than 
a  cubic  polynomial.  The  mean  frequency  decreases  with 
increasing  pressure. 


IV.  Theoretical  Developments 
for  Frequency  Fluctuations. 


Although  there  is  a  steady-state  equilibrium  in  the 
adsorption  and  desorption  of  contaminant  molecules,  there 
are  instantaneous  fluctuations  in  the  number  of  adsorbed 
molecules.  Each  contaminant  site  on  the  electrode  patch  of 
a  thickness-shear  resonator  exerts  a  small  but  finite  mass 
loading  effect  on  the  resonant  frequency.  Hence,  the  fluc¬ 
tuations  will  be  manifested  in  short  term  frequency  insta¬ 
bilities.  We  investigate  the  magnitude  and  spectral  char¬ 
acteristics  of  short  term  frequency  fluctuations  as  caused 
by  spatial  and  temporal  fluctuations  in  the  number  of  ad¬ 
sorbed  contaminant  molecules. 


a)  Birth  and  Death  Processes. 


Birth  rate  in  So  sites  =  A0 
Birth  rate  in  Si  sites  =  A , 

Birth  rate  in  S2  sites  =  A2 

(11) 

Death  rate  in  Si  sites  =  n  i 
Death  rate  in  S2  sites  =  /i2 
Death  rate  in  S3  sites  =  p2 

The  birth  and  death  process  is  a  continuous-time 
Markov  chain  which  is  more  generally  an  exponential 
model.  Hence,  the  state  transition  tale  for  a  SL  site  is 
simply  the  sum  of  birth  and  death  rates  associated  with 
the  state  of  the  site,  that  is. 


50  site:  A0 

51  site:  Ai  -+-  n 1 

52  site:  A2  +  /i2 

53  site: 


(12) 


b)  Frequency  Effect  of  a  site  fk(t). 

Since  each  contamination  site,  say  site  k,  exerts  a 
finite  effect  on  the  resonant  frequency,  the  frequency  effect 
can  be  described  by  a  continuous  function  fk(t)  which  is  a 
continuous-time  Markov  chain.  The  function  has  specific 
values  depending  on  the  state  of  site: 

ft  (t)  =  a0  =  0  for  So  site, 

ft  (<)  =  ai  =  for  S,  site, 

2A ,  (13) 

ft  (0  =  «2  =  for  S2  site, 

ft  (<)  =  a3  =  for  S3  site. 

where  Nr  is  the  number  of  sites  on  one  electrode  patch. 
The  magnitude  of  thickness-shear  vibrations  is  maximum 
at  the  center  of  electrode  patch  with  the  vibrations  de¬ 
caying  to  zero  near  the  edges  of  electrode.  A  graph  of 
the  magnitude  of  thickness-shear  vibrations  will  exhibit 
a  Gaussian  profile.  This  implies  that  the  mass  loading  ef¬ 
fect  of  the  contaminant  molecules  is  exerted  predominantly 
near  the  center  third  of  electrode.  Hence  the  effective  Nr 
value  is  smaller  than  the  number  of  sites  in  one  electrode 
patch.  Subsequent  analysis  will  show  that  a  smaller  Nr 
value  leads  to  larger  magnitudes  of  root-mean-square  fre¬ 
quency  fluctuations. 


The  stochastic  analysis  of  fluctuations  in  the  ad¬ 
sorption  and  desorption  of  contaminant  molecules  fol¬ 
lows  the  usual  developments  for  birth  and  death  pro¬ 
cesses^].  The  table  below  gives  the  birth(adsorption)  and 
death(desorption)  rates  which  follow  from  Eqs.(2)  to  (4): 


c)  Conditional  Probability  Function 

Py<t)  of  fk(t). 

The  probability  of  /*(/)  at  a  subsequent  time  t  having 
a  value  of  given  an  initial  value  of  a,  at  t  equal  to  zero. 
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is  defined  by  a  conditional  probability  function 

P,j(t)  =  P{Jk(t)  =  aj\fk(0)  =  at) 

=  0. 1,2,3. 

For  a  continuous-time  Markov  chain,  Eq.(14)  must  satisfy 
Kolmogorov’s  backwaiu  equations  which  are  a  system  of 
first  order  differential  equations: 

^P(0  =  AP(<),  05) 


where  P  ( t )  = 

rPoo(<)  Pox(t)  Po2(0  P'03  (On 
Pio(t)  Pn(t)  P12  (0  Pia(0  <16> 

Pao(0  Pai(0  P22  (1)  P23  (t)  ’ 

L  Pso(t)  P31  (t)  P32  (0  P33(<)J 

and  A  = 

Ao  Ao  0  O' 

m  -(At  +#11)  a,  0  (17) 

0  /l2  ~  (A2+P2)  A2 

.0  0  /12  ~P2- 

The  initial  conditions  for  Eq.(lS)  is  an  identity  matrix 
since  at  zero  time  there  are  no  transitions. 


P(0)  = 


-1000- 
0  10  0 

0  0  10 

.0  0  0  1. 


(18) 


d)  Autocorrelation  Function  of 
Frequency  Fluctuations  about  Mean 
Resonant  Frequency. 

The  autocorrelation  function  of  the  continuous-lime 
Markov  chain  fk(t)  in  Eq.(13)  is  defined  as  the  expected 
value  of  the  product  of  /*(/),  and  ft(0),  that  is, 

Rh{t)  =  E[ft(t)fk(0)},  (22) 

which  by  definition  can  be  written  as 

Pf>  (0  = 

3  3  (23) 

{/*(*)  =  a;  >  /*  (°)  =  o<}. 

i= 0 j= 0 

where  the  term  P  {/*  (<)  =  aj,  /*  (0)  =  a,}  is  the  joint 
probability  distribution  function  of  fk(t),  and  fk(0).  The 
joint  probability  distribution  function  can  b<*  calculated 
by  employing  the  conditional  probabilities  in  Eq.(19),  and 
steady-state  probabilities  in  Eq.(7).  Hence, 

P  {/*  (0  =  .  h  (0)  =  «,-}  =  Pij  (0  Pi  ■  (24) 

Using  Eqs.(24)  and  (21),  Eq.(23)  can  be  written  as 

3 

Pu  (o  =  E  <25> 

m=0 


The  Kolmogorov’s  backward  equations  can  be 
solved[6]  to  yield 

P  (<)  =  VEV-1  (19) 

where 


E(<)  = 


0  0  0  ' 

0  e~u,,<  0  0 

0  0  e-W3‘  0 

.  0  0  0  e~Uit. 


(20) 


3  3 

where  (r2m  =  E  E  ai  vim  v^)  P.  (26) 

•=0;=0 

Since  wo  is  the  zero  eigenvalue,  <t'q  is  a  constant 
dc  noise  which  is  the  square  of  mean  value  of  fk(t).  In 
our  study  of  short  term  instabilities  in  frequency,  we  are 
interested  in  frequency  fluctuations  about  a  mean  resonant 
frequency.  Hence,  we  define  a  continuous-time  Markov 
chain  of  frequency  fluctuations 


is  a  diagonal  matrix  of  exponential  time  functions  with 
constants  w*  (m=0, 1,  2, 3)  which  are  the  absolute  values 
of  eigenvalues  of  A  in  Eq.(17).  Since  A  is  singular,  a 
zero  eigenvalue  exists,  and  we  can  define  wo  to  be  the 
zero  eigenvalue.  All  the  nonzero  eigenvalues  are  negative. 
The  column  vectors  vm  of  V  and  eigenvalues  -wm  form 
the  eigenpairs  {-u>m,  v„}  of  A.  Eq.(19)  and  (20)  show 
that  the  matrix  of  conditional  probabilities  are  exponential 
functions  of  elapsed  time  t,  namely, 

Pij  (0  =  E  <21> 

m=0 


A/fc  (0  =  Ik  (0  -  (To  (27) 

The  autocorrelation  function  of  frequency  fluctuations 
about  a  mean  frequency  for  site  k  is 


PAh  (0  =  E[{Afk  (<)}  {A/*  (0)}] 
=  E[fk{t)fk(0)}-ol 
3 

—  E  <Tme~W"‘t 

m= 1 


(28) 


Note  that  since  ao  is  equal  to  zero,  Eq.(26)  can  also  be 
written  as 


where  v,m  and  t ;mj  are  elements  of  matrices  V  and  V-1, 
respectively. 


3  3 

=  E  E  Qi  Vim  V™j  P*  •  (29) 

i= 1 J=1 
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We  observe  that  the  sum  of  <x^  over  m  =  1,2,3  is  the 
mean  square  of  frequency  fluctuations  due  to  site  k. 

There  are  2 Nr  sites  in  the  resonator,  which  accounts 
for  contamination  sites  on  the  top  and  bottom  electrodes. 
Hence,  the  resonator  frequency  fluctuation  about  a  mean 
frequency  at  any  time  t  is 


7Nr 

A  F(0  =  £>/*(!), 

*=i 

whose  autocorrelation  function  is 
R*r(t)  =  E[AF(t)AF(0)], 

(7  Nr  \  /2  Nr  > 

X>/*(<)  (£a/«(°) 


=  E 


l  \k=i 

2 Nr  2 Nr 


k/=  1 


t=i i=i 


(30) 


(31) 


Since  the  effects  of  contaminant  sites  are  mutually  inde¬ 
pendent,  the  expected  values  of  cross  product  terms  are 
zero,  and  Eq.(31)  becomes 


2  Nr 

=  {A/*  (())}] 

4=1  (32) 

2Nr  K  ’ 

-  ^2  (*) 
t=l 

The  generic  site  k  is  indistinguishable  from  other  sites 
on  the  electrode  surfaces,  therefore,  the  autocorrelation 
function  in  Eq.(32)  is 


RAF(t)  =  2NrRAJk(t).  (33) 


Hence  the  root-mean-square  of  frequency  fluctuations  is 
proportional  to  the  frequency  change  of  resonator  to  a 
monolayer  of  contaminant  molecules,  and  inversely  pro¬ 
portional  to  the  square  root  of  the  number  of  contaminant 
sites  in  electrode  patch. 


e)  One-Sided  Spectral  Density  of 
Frequency  Fluctuations  about  Mean 
Resonant  Frequency. 

Wiener-Khintchine  relation  is  employed  to  obtain  the 
one-sided  spectral  density  of  frequency  fluctuations  from 
the  autocorrelation  function  of  Eq.(34);  which  yields 


Saf(/)  = 


E 


“m  +  4ir2/2’ 


(37) 


where  /  is  the  Fourier  frequency.  Eq.(37)  reveals  all  the 
essential  characteristics  of  frequency  fluctuations  induced 
by  multilayer  surface  contamination.  The  spectral  den¬ 
sity  function  is  a  superposition  of  three  Lorentzian  spectra 
with  a  distribution  of  comer  frequencies  w*.  The  function 
is  similar  to  that  given  by  McWhortcr[7].  Over  a  certain 
range  of  Fourier  frequencies,  1/f  noise  can  be  generated  if 
wm  is  uniformly  distributed  with  at  least  one  comer  fre¬ 
quency  per  decade  of  Fourier  frequency [8],  and  the  asso¬ 
ciated  a having  a  significant  magnitude.  The  magnitude 
of  spectral  density  is  proportional  to  the  square  tii  A/,  and 
inversely  proportional  to  Nr. 


V.  Noise  Calculations  for  a  10 
MHz  Thickness-Shear  Resonator. 


Using  the  last  equation  of  Eq.(28),  we  can  write  Eq.(33) 
as 

3 


(<)  =  X]  Wmt’ 

m=  1 


(34) 


where  <x2. 


<j 


2 

m  * 


Noise  calculations  for  the  10  MHz  thickness-shear 
resonator  previously  defined  in  section  111(a)  is  performed. 
In  addition,  an  average  site  spacing  of  0.5  nm  is  assumed 
for  the  contaminant  sites  on  electrode  patches.  Hence,  the 
number  of  sites  in  one  electrode  patch  is 


We  observe  that  the  autocorrelation  function  in 
Eq.(34)  is  made  up  of  three  Lorentzian  autocorrelation 
functions.  The  reciprocals  of  wm  are  the  correlation  times 
of  the  autocorrelation  function.  The  term 


(35) 


is  the  root-mean-square  of  resonator  frequency  fluctua¬ 
tions,  and  from  Eqs.(13)  and  (29), 


<7 


m=l  i=  1  j= 1 


(36) 


Nr  =  4xl013  sites.  (38) 

Calculations  for  both  monolayer  and  multilayer  coniami 
nations  are  performed.  The  model  for  monolayer  contam¬ 
ination  was  previously  reported  in  reference  [2],  and  is 
actually  a  specialized  case  of  the  present  model. 

Figure  4  shows  the  spectral  density  curves  of  fre¬ 
quency  fluctuations  plotted  as  a  function  of  Fourier  fre¬ 
quency.  Four  curves  are  shown.  The  solid  curve  represents 
monolayer  contamination,  while  the  three  other  curves  are 
for  multilayer  contamination  using  values  of  heat  of  con¬ 
densation  £v  which  are  0.5, 0.75  and  1.0  of  £/,  the  heat  of 
absorption  with  a  value  of  21  kcal/mole.  We  observe  that 
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the  magnitude  of  spectral  density  for  £„  greater  than  0.75 
Ei  is  about  50  dBc  greater  than  the  curve  with  monolayer 
contamination.  For  the  particular  pressure  (0.001  torr), 
temperature  (25°C),  and  Fourier  frequency  range  of  less 
than  100  Hz,  the  spectral  density  curves  with  Ey  less  than 
0.5  Ei  resemble  the  monolayer  curve. 

The  spectral  density  of  frequency  fluctuations  at  1 
Hz  offset  is  useful  for  comparing  data  of  noise  magnitudes 
resulting  from  different  initial  pressures,  temperatures,  and 
heats  of  absorption  and  condensation.  This  is  obtain  from 
Eq.(37)  by  setting  /  equal  to  one, 


(1)  - 


£ 


<*»m  +  4*2  ' 


(39) 


Figure  5  shows  the  spectral  density  of  frequency  fluc¬ 
tuations  at  1  Hz  plotted  as  a  function  of  pressure.  We 
observe  that  for  wide  ranges  of  pressures  (10  5  to  10  torr) 
the  spectral  density  with  multilayer  contamination  and  £„ 

>  0.75 Et  has  a  magnitude  greater  than  monolayer  contami¬ 
nation.  The  magnitude  difference  is  greater  at  higher  pres¬ 
sures.  The  curve  with  £„  =  0.5£/  follows  the  monolayer 
curve  up  to  a  pressure  of  about  0.002  torr,  and  diverges 
from  it  at  higher  pressures. 

Figure  6  shows  the  spectral  density  of  frequency  fluc¬ 
tuations  at  1  Hz  plotted  as  a  function  of  temperature.  Cal¬ 
culations  show  that  for  multilayer  contamination  with  £, 

>  0.9 £;,  the  magnitude  of  spectral  density  at  1  Hz  re¬ 
mains  remarkably  constant  in  a  wide  range  of  temperature 
(-50  to  100°C),  as  opposed  to  the  monolayer  curve.  With 
£v  =  0.75E/,  the  multilayer  contamination  curve  remains 
constant  in  a  shorter  range  of  temperatures  (-50  to  35°C). 
The  curve  with  £,  =  0.5£j  follows  the  monolayer  curve 
in  temperatures  greater  than  10°C. 


VI.  Summary. 

A  model  based  on  mass-loading  of  contaminant 
molecules  having  adsorption  and  desorption  rates  is  devel¬ 
oped.  Calculations  are  made  for  a  10  MHz  thickness-shear 
resonator.  The  model  brings  out  some  interesting  aspects 
of  contamination  in  resonators  which  may  be  tested  em¬ 
pirically: 

1.  The  change  in  surface  contamination  layers  due  to  a 
change  in  temperature  affects  the  mean  resonant  fre¬ 
quency  of  thickness-shear  resonators.  This  frequency 
change  may  be  masked  by  changes  in  material  prop¬ 
erties,  such  as  elastic  stiffnesses  and  density.  Calcula¬ 
tions  for  the  10  MHz  resonator  yield  mean  frequency 
changes  of  as  much  as  10  ppm. 


2.  The  mean  resonant  frequency  is  also  affected  in  the 
same  order  of  magnitude  by  the  ambient  pressure 
which  influences  the  characteristics  of  the  surface 
contamination  layers. 

3.  Magnitude  of  spectral  density  of  frequency  fluctua¬ 
tions  for  multilayer  adsorption  and  desorption  is  larger 
than  for  monolayer  adsorption  and  desorption.  This 
is  especially  true  when  the  value  of  £,  is  close  to  £, . 
Calculations  for  the  10  MHz  resonator  show  that  the 
magnitude  of  mean  square  frequency  fluctuations  is 
in  the  measurable  range  of  about  -120  dBc  (Hz2/Hz). 

4.  Spectral  density  of  frequency  fluctuations  at  1  Hz  for 
multilayer  adsorption  and  desorption,  when  the  value 
of  £„  is  close  to  £/,  is  remarkably  constant  with 
changes  in  temperature.  This  is  not  so  for  monolayer 
adsorption  and  desorption. 
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Ahstract 

This  paper  is  addressed  to  the  macromechanical 
analysis  of  dynamics  of  a  piezoelectric  laminae 
under  a  mechanical  bias  within  the  effective  stiff¬ 
ness  concept  uf  laminated  composites.  The  piezo¬ 
electric  laminae  consists  of  arbitrary  numbers  of 
perfectly  bonded  layers,  each  with  a  distinct  but 
uniform  thickness,  curvature  and  electromechanical 
properties,  and  it  is  coated  with  very  thin 
electrodes  on  both  its  faces.  First, the  fundamental 
equations  of  piezoelectric  strained  medium  are 
expressed  by  the  Euler-Lagrange  equations  of  a 
unified  variational  principle.  Secondly,  a  set  of 
two-dimensional,  approximate  equations  of  the 
piezoelectric  laminae  is  consistently  established. 
Thirdly,  a  direct  method  of  solution  is  indicated 
for  the  macromechanical  analysis  and  certain 
special  cacos  are  considered.  The  governing  equa¬ 
tions  are  derived  in  invariant  Lagrangian  form  and 
accommodate  all  the  types  of  motions  of  the  biased 
piezoelectric  laminae.  All  the  significant  effects 
both  mechanical  and  electrical,  are  taken  into 
account. 


1 .  Introduction 

Laminae  or  multilayer  type  of  structural 
elements  was  appreciated  only  relatively  recently 
due  to  their  significant  improvements  in  piezo¬ 
electric  properties  for  ultrasonic  technology.  The 
features  and  applications  of  piezoelectric  layered 
and/or  composite  elements  and  the  basic  ideas 
underlying  their  sum  and  product  properties  are 

available1"4.  To  predict  dynamic  response  of  this 
type  of  structural  elements,  there  basically  exist 
two  types  of  macromechanical  models:  the  effective 
modulus  model  and  the  effective  stiffeness  model. 

5  6 

The  former  model  ’  replaces  a  laminae  by  a 
representative  homogeneous  medium  with  the  aid  of 
averaged  material  constants  of  laminae  constituents. 
This  model,  although  it  is  relatively  simple,  omits 
the  mutual  coupling  of  layers,  and  it  is  generally 
suitable  for  a  rather  broad  class  of  static 
response  of  laminae.  The  effective  stiffeness 
model  combines  both  the  physical  and  geometrical 
properties  of  laminae  constituents  and  incorporates 
all  their  essential  electromechanical  features,  and 
it  accounts  for  dynamic  response  of  laminae.  Within 

the  frame  of  this  model2,  this  paper  describes  a 
macromechanical  analysis  of  piezoelectric  laminae 
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under  a  state  of  mechanical  bias. 

Extension  of  classical  models  (for  instance, 
Lagrange's  or  Ka'rma'n's  model  of  plates  and  Love- 
Kirchhoff's  model  of  shells)  to  piezoelectric 
laminae  leads  always  to  an  effective  modulus  model, 
and  hence  it  disregards  the  electromechanical 
interactions  between  adjacent  layers.  On  the  basis 
of  classical  models,  the  macroscopic  relations  of 
electroelasticity  were  derived  for  multilayer  piezo¬ 
electric  plates  and  shells;  their  steady-state 

Q  <|  A 

vibrations  were  reported  in  some  special  cases 

Q 

as  well.  Parton  and  Senik  derived  the  macroscopic 
equations  of  multilayer  piezoceramic  shells  with 
thickness  polarization  of  the  layers.  Likewise, 

Karnaukhov  and  Kirichok10"12  constructed  the 
governing  equations  of  laminated  piezoelectric 
plates  and  shells  by  taking  into  account  the 
geometrical  nonlinearity  and,  in  particular,  the 
effect  of  viscosity  and  temperature.  Evseichik, 

13 

Rudnitskii  and  Shul'ga  derived  the  electroelastic 
equations  for  the  vibrations  of  a  shell  that  is 
inhomogeneous  in  thickness  and  has  piezoelectric 
layers.  Moreover,  the  thermomechanical  behavior  of 
multilayered  piezoceramic  shells  with  thickness 
polarization  was  treated  under  harmonic  excitation 

by  Motovilovets  and  Gololobov14.  Mention  should 
also  be  made  of  a  theory  of  vibrations  of  coated, 
thermopiezoelectric  laminae  in  which  the  effects  of 
elastic  stiffness  of,  and  the  interactions  between, 
layers  of  the  laminae  and  its  electrodes  were  all 

7  15 

included  .  On  the  other  hand, Hoi  land  and  EerNisse 

described  the  design  and  analysis  of  laminae  types 
of  piezoelectric  bars,  disks  and  plates  by  means  of 
Green's  function  technique.  Auld  and  his  co- 

workers1^’12  developed  a  Floquet  theory  of  wave 
propagation  in  periodic  composites  that  was  shown 
to  agree  well  with  experiment.  Bu§dayci  and 

Bogy1^’1^  derived  a  theory  for  high  frequency 
motions  of  piezoelectric  layers,  including  some 

20 

applications,  as  did  Lee  and  Moon  for  low 
frequency  motions  of  piezoelectric  laminated  plates. 
Moreover,  a  general  transfer  matrix  description  of 
arbitrarily  layered  piezoelectric  structures  was 

pi 

obtained  . 

Biasing  stress  or  strain  and/or  electric  field 
is  a  new  design  feature  and  demand  in  piezoelectric 
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devices  for  ultrasonic  application  in  control  engi¬ 
neering.  The  presence  of  a  biasing  state  induced 
by  external  perturbat ions  like  thermal,  mechanical 
and  electrical  fields  and  even  magnetic  fields  can 
significantly  affect  Ke  dynamic  response  of  struc- 

22  23  24 

tural  elements  (e.g.,  rods  ,  plates  ’  and 

pc  pc 

shells  ’  )  and  the  characteristics  of  BAW  and 

27-31 

SAW  (e.g.,  and  references  therein).  In  a 

biased  solid  medium,  the  linear  theory  of  electro¬ 
elasticity  is  in  need  of  modification  so  as  to 
govern  its  motions.  This  fact  was  widely  recog- 
ntzed,  and  taken  up  by  many  investigators  in  elec- 

32 

troelasticity.  Tiersten  derived  a  properly  in¬ 
variant  set  of  the  nonlinear  fundamental  equations, 
including  thermal  effects  by  means  of  a  systematic 
use  of  the  axioms  of  continuum  physics.  From  these 

33 

general  equations,  he  and  Baumhauer  established 
the  differential  electroelastic  equations  for  small 
dynamic  fields  superposed  on  a  static  biasing  state 
of  solid  medium,  and  also,  for  intrinsically  non¬ 
linear  fields.  Moreover,  the  fundamental  equations 
of  a  biased  piezoelectric  medium  were  expressed  as 
the  Euler-lagrange  equations  of  some  variational 

principles'^4’^. 

The  aim  of  the  present  paper  is  (i)  to  present 
a  variational  formulation  of  tne  fundamental  equa¬ 
tions  of  piezoelectric  medium  under  a  mechanical 
bias,  and  using  this  together  with  a  linear  repre¬ 
sentation  for  the  field  variables,  (ii)  to  derive 
the  two-dimensional,  approximate  governing  equa¬ 
tions  for  all  the  types  of  incremental  motions  of 
piezoelectric  laminae  under  a  bias,  and  then  (iii) 
to  describe  a  direct  method  of  solution  for  the 
incremental  motions,  to  indicate  some  special  cases 
and  also  to  consider  the  fully  linearized  equations 
of  piezoelectric  laminae. 

Specifically,  a  definition  of  the  notation  to 
be  used  herein  is  given  in  the  rest  of  this  section 
and  the  content  of  the  paper  is  as  follows.  In  the 
first  part  of  the  paper,  a  unified  variational 
principle  is  formulated  by  extending  the  principle 
of  virtual  work  through  Friedrichs 's  transformation 
in  Section  2.  In  the  second  part  of  the  paper, 
presented  in  Sections  3-6,  by  use  of  Mindlin's 
method  of  reduction,  the  set  of  two-dimensional, 
approximate  equations  is  consistently  derived  for 
the  incremental  motions  of  piezoelectric  laminae 
under  a  static,  finite,  mechanical  bias.  The 
geometry  of  piezoelectric  laminae  region  is 
described  in  Section  3.  In  Section  4,  a  linear 
representation  in  the  thickness  coordinate  of  piezo 
electric  laminae  is  introduced  for  the  fields  of 
incremental  mechanical  displacements  and  electric 
potential  which  are  chosen  as  a  starting  point  of 
derivation.  Also,  in  accordance  with  the  linear 
representation,  various  resultant  quantities 
averaged  over  the  thickness  of  laminae  are  defined. 
The  distributions  of  incremental  strain  and  quasi¬ 
static  electric  field  are  given  and  the  macroscopic 
constitutive  equations  of  piezoelectric  laminae  are 
obtained  in  Section  5.  The  two-dimensional, 
approximate  governing  equations  and  the  associated 
boundary  and  initial  conditions  for  the  motions  of 
piezoelectric  laminae  are  deduced  from  the  three¬ 


dimensional  equations  of  piezoelectricity  by  use  of 
the  unified  variational  principle  together  with  the 
series  representation  of  field  variables  in  Section 
6.  Alternatively,  a  direct  method  of  solution  is 
indicated  in  investigating  the  incremental  motions 
of  piezoelectric  strained  laminae  in  Section  7. 
Special  motions,  geometry  and  material  are  treated 
and  the  fully  linearized  governing  equations, 
including  the  uniqueness  of  their  solutions,  are 
pointed  out  in  Section  8.  The  last  section  is 
devoted  to  the  concluding  remarks. 

Notat  ion  -  In  the  paper,  standard  tensor 
notation  is  freely  used  in  a  Euclidean  3-space  E. 
Accordingly,  Einstein's  summation  convention  is 
implied  over  all  repeated  Latin  (1,2,3)  and  Greek 
indices  (1,2)  that  stand  for  space  and  surface 
tensors,  respectively,  unless  they  are  put  within 
parant.heses.  In  the  space  E,  a  fixed,  right-handed 
system  of  geodesic  normal  convected  coordinates 

is  identified  by  the  x'-sytem.  All  the  field 
quantities  are  used  in  Lagrangian  formulation,  and 
a  quantity  in  the  initial  state  is  designated  by  a 
zero  index  and  a  prescribed  quantity  by  an  asterisk. 
A  superposed  dot  stands  for  time  differentiation,  a 
comma  for  partial  differentiation  with  regard  to  the 
indicated  space  coordinate,  and  a  semicolon  and  a 
colon  for  covariant  differentiation  with  respect  to 
the  indicated  coordinate,  using  the  space  and 
surface  metrics,  respectively.  The  index  (m)  which 

takes  the  values  1,2 . N  refers  to  the  m-th 

constituent  from  the  lower  face  of  piezoelectric 
laminae,  and,  for  instance,  m=1  (or  a  prime  ')  to 

the  lower  face  electrode,  m=2,3 . N-1  to  the 

layers  and  m=N  (or  a  double  prime  ")  to  the  upper 
face  electrode  of  laminae.  Moreover,  B ( t )  repre¬ 
sents  a  regular,  finite  and  bounded  region  B  of  the 
space  E  at  time  t,  S(=BUdB)the  closure  of  B,  with 
its  boundary  surface  dB,  SXT  the  domain  of  defini¬ 
tion  for  the  functions  of  the  space  coordinates  and 
time,  T=[t  ,t,)  the  time  interval,  and  Z=[z-h,z+h] 

the  thickness  interval  of  a  constituent. 

2.  Principle  of  Virtual  Work 

for  the  Piezoelectric  Medium  under  a  Bias 

To  derive,  in  a  systematic  and  consistent 
manner,  lower  order  field  equations  and  to  directly 
provide  their  approximate  solutions,  variational 
principles  were  primarily  developed  by  Mindlin, 
Tiersten  and  EerNisse  for  a  piezoelectric  medium,  by 
Mindlin,  Nowacki  and  the  author  for  a  thermopiezo¬ 
electric  medium,  and  by  the  author  for  a  piezoelec¬ 
tric  medium  with  small  piezoelectric  coupling  and/or 
an  internal  surface  of  discontinuity  and  that  under 
a  mechanical  bias.  Hamilton's  principle,  the  prin¬ 
ciple  of  virtual  work  and  an  experienced  guess  work 
were  used  in  deducing  the  variational  principles  of 
piezoelectricity;  a  review  of  the  subject  was  given 
in  Refs.  2,  35.  In  order  to  render  this  paper  to  be 
self-contained,  a  unified  variational  principle  is 
reformulated  by  extending  the  principle  of  virtual 
work  through  the  dislocation  potentials  and  Lagrange 
undetermined  multipliers. 

In  the  space  E,  referring  to  the  x'-system  of 
general  convected  coordinates,  a  regular,  finite  and 
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bounded  region  of  piezoelectric  elastic  medium,  B  , 
with  its  boundary  surface  dBQ,  under  a  state  of 

mechanical  static  stresses  is  considered  at  its 
initial  unperturbed  or  reference  state  at  time 
t  =  t  .  This  initial  state  which  is  taken  to  be 

self-equilibrating  acquires  its  spatial  (perturbed 
or  final)  state  B+dB  by  a  small  motion  superposed 
onto  the  finite,  static  deformation  of  piezoelec¬ 
tric  region  Bo+dBo  at  the  time  interval  T=  ctQ , 1 1 ) . 

Now  employing  Lagrangian  approach,  the  principle 
of  virtual  work  is  stated  for  the  piezoelectric 
strained  region  at  us  spatial  state  as  an 
assentation  in  the  form 


-  /B(T,j6S  -  D 1 sE | )dV  +  l/Za/gpU'OjdV 
+  i‘6B(T*6Ui  +  °*6t)dS  =  0  (2-U 


Here,  (=t^+t'^ ) ,  t^  and  t^  are  the  total,  in¬ 
itial  and  incremental  stress  tensors;  S1J=(s°J+si j )> 
s°j  and  s^  the  total,  initial  and  incremental 
strain  tensors;  p the  mass  density  of  undeformed 
piezoelectric  medium;  u.(=u°+  u.),  u°  and  u-  the 
total,  initial  and  incremental  displacement  vectors, 
a1(=iii)  the  Lagrangian  acceleration  vector;  T1 

(=tg+tI).  t°  and  t1  the  total,  initial  and  incre¬ 
mental  stress  vectors;  D1  the  electric  displacement 
vector,  E1  the  quasi-static  electric  field  vector, 
0(^0*)  the  surface  charge,  ®  the  electric  poten¬ 
tial  and  n-  the  unit  outward  vector  normal  to  a 

surface  element.  Substituting  the  gradient  equa¬ 
tions  of  the  form 


S-  =  E-  •  +  1/2  U  -U,  • 
lj  lj  ;i  k;j 


in  6XT  (2.2) 


E,J  '  m  Eui;j  *  uj;d 


Ei  ■  -  ti 


and  the  associated  natural  boundary  conditions  by 

Li  =  t  i  -  n  ■  ( t 1  -1  +  t‘kuJ.k)  =  0  on  6BXT  (2.6) 

L*  =  °*  -  n-D  *  =  0  on  dBXT  (2.7) 

as  its  Euler-Lagrange  equations.  In  deriving  (2.3) 
the  familiar  relations  between  the  stress  tensors 
and  the  stress  vectors,  the  stress  equations  of 
equilibrium  and  the  associated  boundary  conditions, 
namely, 

Lo  =  [tok(6k  +  uo  ;k'3;i  -°  lnSXT 

(2.8) 

Lo*  =  lo*  '  n.tok(6k  +  uo  ;k>  =  0  on  &BXT 

are  considered,  the  usual  arguments  are  implied  on 

the  increments  of  field  variables^  and  the  axiom 
of  conservation  of  mass  is  employed.  Also,  the 
constraint  conditions  of  the  form 

=  6*  ^  0  in  B(t  )  &  B(t 1 )  (2.9) 

are  imposed. 

To  describe  fully  the  motions  of  piezoelectric 
strained  medium,  the  two-field  variational  princi¬ 
ple  (2.3)  should  be  supplemented  by  the  gradient 
equations  (2.2),  the  constitutive  equations  in  the 
form 


riJ  - 


=  1/2  ( 


an 


an 


as. 


U 


as 


).  D1  =  - 


ji 


an 


(2.10) 


where  *(Sjj,Ej,t*J)  stands  for  an  electric 

enthalpy  function  which  contains  the  initial 
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stresses  as  parameters  ,  in  addition  to  (2.6),  the 
boundary  conditions  as 


u -  -  u|  =  0  on  dB  XT,  *  -  ®*  =  0  on  bB$XT  (2.11) 


the  initial  conditions  of  the  form 


into  (2.1),  applying  the  Green-Gauss  transformation 
of  integrals  for  the  regular  region  B+dB,  carrying 
out  the  indicated  variations,  and  then  integrating 
over  T,  one  finally  obtains  a  two-field  variational 
principle  for  the  piezoelectric  biased  medium  as 


ui(xJ.t0)  *  vf(x^)  =  °>  Ui(xj,t0)  -  wf(x^)  =  0 

.  :  in  B(t  )  (2.12) 

®(x\t0)  -  o(x‘)  =  0 


SLfUj ,  *}  =  /Jdt/B(L16ui  +  L6«)dV 

(2.3) 

+  jVdtWL*6Ui  +  L*6«  )dS  =  0 

with  the  divergence  equations  of  incremental  motion 
by 

L^  =  (t'j  +  tUuJ  ,  )  .  -  p«j  =  0  in  BXT  (2.4) 
o  ;k  ;  i 

L  =  DVj  =  0  in  BXT  (2.5) 


and  the  constraint  conditions  (2.9).  These  con¬ 
straint  conditions  prevent  a  free  choice  of  trial 
functions,  and  hence,  variational  principles  with 
as  few  constiaints  as  possible  become  desirable  in 
computation.  Thus,  all  the  constraint  conditions 
but  the  initial  conditions  are  relaxed  through 

Friedrichs' s  transformation^  and  the  initial  con- 

38 

ditions  following  Tiersten's  approach.  The 
result  is  a  unified  variational  principle  by 

6L(a1  =  6Ja|  +  6l +61;  =0  (2.13a) 

oil  ap  1 

with  the  admissible  state 
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A  =  tUi,  Sj  ,  tlJ;  t1,  4,  E • ,  D1,  Ol  (2.13b) 
and  the  denotations  by 

(w11,,,  M1^.  =  ^dt/gd^u^ 

LlJ6s.  J.  -6t 1 3 )dv 

>J  IJ 

(2.14) 

(6J2;,.  J 2 22 ’  6j223>  =  /Tdt/B(L64,  '‘ftEj, 

JjfiD1 )dv 

(61 1  ]  1  >  SI1^)  =  /Tdt(JaBLi6UidS,  JaBJ*i6tldS) 

(M2!..  6\22  )  /  dt(/  L*64dS,  J  J,60dS) 

o  D<t 

and 

[*I 1 1 .  6I22J  =  /gU'au^x3  ,tQ) ,  m‘6u.  (xj  , tQ) J dV 
6l33  =  /gAa^.t^dV  (2.15) 

Here, 


Lij 

=  ti3 

-  1/2 

,  an 
as,- , 

an  , 
+  as..’ 

ij 

ij 

J.  . 

=  s., 

-  1/2 

(u.  . 

+  u,.f) 

U 

ij 

i;j 

J.  = 

-  (E, 

+  *  , 

),  r 

1  =  -  (D 

and 

Ji  =  uj  -  Uj  ,  J*  =  o*  -  n^D*  (2.17) 

and 

A1  =  p[ui(xj,t0)  -  w|(xj)J 

a'  =  p[u‘(xj,t0)  -  vi(xj)]  (2.18) 

x  =  4(u3,tQ)  -  n*(xJ) 

and  also  those  in  (2.4)-(2.7)  are  defined.  The 
variational  principle  should  be  modified  for  the 
linearized  constitutive  relations  which  implies  the 
dislocation  potentials  by 

Li3  =  ti3  -  (CijkISkl  -  Cki3Ek) 

i  1  iik  ii  (2’19) 

1 1  =  -  D1  +  (ClJksjk  +  C1JEj) 

in  lieu  of  those  defined  in  (2.16).  In  (2.19), 

C i J k  1 ,  c'3k  and  c'3  are  the  elastic  and  piezoelec¬ 
tric  strain  constants  and  the  dielectric  permitti¬ 
vity  of  piezoelectric  medium,  with  their  usual 
35 

symmetry  properties  . 


Evidently,  the  unified  eight-field  variational 
principle  (2.13)  yields,  as  its  Euler-tagrange 
equations,  all  the  fundamental  differential  equa¬ 
tions  of  motion  of  piezoelectric  strained  media  but 
the  symmetry  of  stress  tensor;  and  conversely,  ir 
the  fundamental  differential  equations  are  satis¬ 
fied,  the  unified  variational  principle  is  defi¬ 
nitely  verified. 

The  unified  variational  principle  (2.13)  re¬ 
covers  those2*3,34  deduced  from  Hamilton's  principle 
and  the  principle  of  virtual  work,  and  it  includes 
several  earlier  variational  principles  as  special 
cases;  the  generation  of  the  initial  conditions  is 
the  novelty  of  this  unified  principle. 

3.  Geometry  of  Laminae 

In  the  space  E,  consider  a  piezoelectric 
laminae  composed  of  two  perfectly  conducting  lower 
and  face  electrodes  and  (N-2)  piezoelectric  layers 
between  them.  Each  constituent  may  possess  dis¬ 
tinct  but  uniform  thickness  2h  ,  curvature  and 

m 

electromechanical  properties.  The  regular  region 
of  laminae,  V+S,  with  its  boundary  surface  S  is 

referred  to  the  x’-system  of  geodesic  normal  con- 
vected  coordinates,  the  midsurface  A  of  first  layer 

3 

x  =0  being  taken  as  the  reference  surface,  such 
that  the  corresponding  metric  tensors  of  the  un¬ 
deformed  laminae  are  given  by 


A  a 

g„»  =  u_uQa, 


*oB  a  B  Ao 

9<x3  =  0  ’  g33  =  1 

with  the  shifters  of  the  form 


aB  ,  -  1 , B,  - 1 ,  a  Ao 

g  =  (m  Mm  ha 


(3.1) 


a  a  3. a 
mB  -  6B  -  *  bB’ 


a,  -1.0  ,a 
>B  =  6B 


(3.2) 


where  a  0  and  b  „  denote  the  first  and  second  fun- 
aB  aB 

damental  forms  of  the  reference  surface  A,  and 

c  „(=b  b°„)  its  third  fundamental  form.  By  use  of 

ao  ao  B 

the  shifters,  the  components  of  a  vector  field, 

(X1  ,X . )  and  (i?l,5t.),  which  are  respectively  ref¬ 
erred  to  the  base  vectors  of  laminae  space  and 
those  of  reference  surface  are  associated  with  one 
another  as 


nCt  OlvB  .  w  v3  O  o3 
X  =  mbX  ;  X3  =  X  =  X3  =  X 


l  -hBy 


(3.3) 


Besides,  the  equations  of  the  form 

x3  =  -  hr  x3  =  2h  -  hr  f ( x 1 , x2 )  =  0  (3.4) 


define  the  lower  and  upper  faces,  SJf  and  SL.f  ,  and 
the  edge  boundary  surface  Sg  of  laminae.  The  re¬ 
ference  surface  A  intersects  the  edge  boundary  sur¬ 
face  along  a  Jordan  curve  C.  The  bonding  surface 
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between  the  m-th  and  (m+1)-th  constituent  is  denoted 

by  A  , ,  and  the  outward  unit  vector  normal  to  S 
'  m ,m+ 1  e 

by  u  and  that  to  Sf  by  n..  In  addition  to  tho  x1- 
system  of  coordinates,  a  system  of  local  coordi¬ 
nates  is  introduced  which  is  situated  on  the 

midsurface  A  of  the  m-th  constituent.  Thus,  one 
reads 

x“=  x“  x3  =  x3  -  zm  ;  m= 1 ,2, . . .  ,N  (3.5) 

m  m  m  ’  ’  ’  '  ' 


where  zm  is  the  distance  between  the  surfaces  A 
m  m 


and  A.  Also,  the  equations  as 


3  3 

=  0  ,  xJ  -  z  =  0 
m  m 


clearly  define  the  surface  A^  and  those  by 

x3  *  0  ,  x3  +h  =  0 

m  m  m+1  m+1 

x3  *  ( z  +  hj  =0,  x3  -  (z  .  -  h  )  =  o 
m  m  m+1  m+1 


zm  =  £r=1<2  -  61r  '  6mr)hr 


the  bonding  surface  A 

3  m,m+i 

In  the  region  of  piezoelectric  laminae, 

2h/Rmm  «  1  (3.9) 

where  Rmin  is  the  least  principal  radius  of  curva¬ 
ture  of  the  midsurface  A,  and  the  elements  of  volume 
d V,  of  surface  dS  on  S,  of  area  dA  on  A  and  of  line 
ds  along  C  are  given  by 


dV  =  ,/gdx'dx2dx3  =  dSdx3  =  pdAdx3 
n  dS  =  Mu  dsdx3 


u  =  |u"|  =  (g/a) 1/2  =  1  -  2cx3  +  (x3)2b 


(3.10) 


a  =  laj.  b  = 


|b“|,  c  =  1/2  b“,  g=  I  g  j  j  I 


where  b  and  c  denote  the  Gaussian  and  mean  curvature 
of  A,  respectively;  a  more  elaborate  account  of  the 

results  recorded  can  be  found  (e.g.,35). 

4.  Mechanical  Displacements,  Electric  Potential  and 
Resultants  for  the  Piezoelectric  Strained  Laminae 

In  mathematical  terms,  the  regular,  finite  and 
bounded  region  of  piezoelectric  laminae  is  defined 
by  the  fundamental  assumption  (3.9)  which  allows  one 
to  treat  the  laminae  region  as  a  two-dimensional 
medium.  In  addition  to  (3.9),  all  the  field  varia¬ 
bles  together  with  their  derivatives  are  assumed  to 
exist,  to  be  single-valued  and  continuous  functions 


of  ( x 1 , t )  in  the  closure  of  laminae  region  with  no 
singularities  of  any  kind,  and  net  tc  var,  widely 
across  the  thickness  of  layers.  Accordingly,  the 
fields  of  incremental  mechanical  displacements  and 
electric  potential  which  are  chosen  as  a  starting 
point  or  derivation  are  expressed  by 


3  m  . 

+  x  w  ; 


3,m 
+  x  <F 


m=2,3 . N-1  (4. 

are  unknown  a  priori,  mde- 


where  (v^  w  ,  <c,  if)  are  unknown  a  prion  ,  inde¬ 
pendent  and  functions  of  xa  and  t,  only.  In  (4.1), 
m  m  ,  m  ,  m 

v  ,  v0  ana  w  ,  and  w0  represent,  in  this  oraer,  the 

a  j  a.  j 

extensional,  flexural  and  thickness  motions  of  the 
m-th  constituent.  Also,  the  use  of  (4.1)  was  shown 
to  account  for  the  coupled  motions  of  laminae,  as 

indicated  already  by  Drumheller  and  Kalnins  and 

the  author2.  Moreover,  in  (4.2),  m=1  and  m=N  are 
excluded,  since  the  electrodes  are  perfectly  conduc¬ 
ting.  When  an  alternative  potential  difference  is 
applied  to  the  electrodes,  one  reads 

1  N 

*  =  *'  ,  <t '  =  *"  5  *Qcosv)t  (4.3) 

where  is  a  constant  and  w  the  circular  frequency. 

In  the  piezoelectric  laminae,  the  constituents 
are  adhered  one  another  and  no  relative  deformation 
are  permitted  at  their  interfaces.  Thus, the  conti¬ 
nuity  of  mechanical  displacements  and  electric  po¬ 
tential  on,  and  that  of  tractions  and  surface  charge 
across,  the  bonding  interfaces  A  „  ,  are  maintain- 

ed.  First,  using  (4.1),  the  continuity  of  incremen¬ 
tal  mechanical  displacements  is  written  as 


m  ,  i  m  m+ 1  , 

v,  +  (zm  +  nm)w.  -  v,  +  (z 


h  i  m+1 

m+1  '  hm+1 ^wi 


no  sum  over  m;  m=1,2 . N  ;  on  A  ,XT  (4.4 

m,m+1 

This  represents  3 ( N- 1 )  constraints  and  reduces  the 
number  of  the  independent  functions  of  displace¬ 
ments,  6N,  in  (4.1)  to  3(N+1).  The  independent 
functions  are  chosen  as 

v],  w™  ,  m=1 ,2 . N  (4.5 

and  the  rest  of  the  displacement  functions  is 
expressed  by 


m  i  r  r  n  -j  tt 

v,  =  v-  +  )  z  w.  ;  m=2,3,...,N 

l  l  _  •«  rm  i 
r=  1 


zrm  =  (2  -  6ir  *  6mr)h(r)  '  6mrz(m)  (4J 

in  terms  of  them. 

Next,  the  continuity  of  electric  potential  is 
similarly  cA^iessed  by 

f  +  hj*  =  <P  +  (zm+1  -  hm+1)<T  (4.8 
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(4.8) 


no  sum  over  m;  m=2,3, . . . ,N-1 , 

Am,m+1XT  <A'8> 

and  ?  ? 

•t'  =  v  +  (z2  -  h2)<(/  on  A1  „XT 

.  .  (4.9} 

*"  =  9  '  +  (zN-1  +  hN-1H  '  0n  Vt,NXT 

In  view  of  the  constraints  (4.8),  the  (N-3)  inde¬ 
pendent  functions  of  electric  potential  are  chosen 
as 


V  ;  m=2,3,...,N-2 


(4.10) 


The  dependent  functions  of  electric  potential  are 
expressed  by 

v2  =  ♦'  -  ( z 2  -  h2)<l'2 


<p  =  ♦  +  £  z  it  ; 

L  ~  rm 

m=2,3, . 

. . . ,N-2 

r=2 

=  -  (zN-1/hN-1)$"  + 

d  +  zN_. 

N 

l/hN-1^ 

TN'1  =  d/h^X-J"  - 

N-2 

l  dr: 

r=2 

r 

1 

(4.11) 


In  =  Jz(x3)ndx3  ,  [ (z+h)n+1 

n=0, 1 . 


-  (z-h)n+1  J/(n+1 ) 


those  of  traction  by 

,  a  a,  ,  a  3B,  ,  3  3,  t33 

(q  ,  p  )  =  ( uMgt  ),  (q  ,  p  )  =  ut 

at  (x3  =  z+h,  z-h) 
and 

.a  a,  ,  ,3Sr  a  ,a  3,  a 
{V  =  luto  [v  :  B  -  bBv3  +  x  (w  :6  ■ 

+  pt33wa)  at  (x3-z+h,  z-h) 


(4.18) 


(4.19) 


(4.20) 


,3  3,  .  *3ar  .  B  3/  .8  .i 

(r  ,  sj  =  let  [v,  +  b  v.  +  x  w,  +  b  wa  ] 

0  0  0  3, a  aB  3, a  aB 


+  pt^Wj}  4t  (x3=z+h,  Z-h) 


those  of  loads  by 


(n“,  M*)  =  JzT®u“(1,  x3)pdx3 
(M3,  M3)  =  J7t3(1,  x3)udx3 


(4.21) 


in  terms  of  the  independent  functions  (4.10). 

Evidently,  the  linear  representation  (4.1)  and 
(4.2)  and  the  gradient  equations  (2.2)  imply  a  dis¬ 
tribution  of  mechanical  strain  for  each  constituent 
as 

R  , 

s (xVl  s..(x\t)]  (4.12) 

1J  r=0  J 

and  that  of  electric  field  for  each  layer  as 

Ef  =  l  (x3)r [  Ej (xa,t)  ]  (4.13) 

1  r=0  r  1 

of  which  the  explicit  expressions  are  obtained  in 
the  next  section. 

Now,  in  accordance  with  the  linear  representa¬ 
tion  above,  various  field  quantities  are  averaged 
over  the  thickness  interval  of  each  constituent  for 
the  subsequent  development.  Thus,  the  two-dimen¬ 
sional  incremental  resultants  of  stress  are  defined 
by 

[N“6,  MaB,  k“B]  =  ;zf1,  x3,  (x3)2]t“Budx3  (4J4) 
l(Qa,  Ra);  N33]  --  /ZC ( 1 ,  x3)ta3;  t33Judx3 
and  those  of  initial  stress  by 

[N“'\  ...,  R“,  N33]  =  Jz[t“B  ....  t33  ludx3  (4.15) 
those  of  acceleration  by 

A1  =  uoV  +  ,  B1  =  Mlv>  +  m2w!  (4.16) 

with 

un  -  »n  -2cIn+1  +  bin+2  (4-17’ 


(S“,  P*)  =  (pm“tB)  and  (S3,  P3)  =  (ut3) 
at  (x3=z+h,  z-h) 


l1  =  q1  -  p1  .  l‘  =  r‘  -  s' 


(4.22) 


(4.23) 

J 


m1  =  ( z+h ) q 1  -  (z-h)p' ;  r  ( z+h ) r^  -  (z-h)s^ 

Besides,  the  two-dimensional  resultants  of  electri¬ 
cal  displacements  in  the  form 


(F1,  G1)  =  /z(1,  x3)d‘ udx3 
those  of  surface  charge  by 

(d,  f)  =  ( mD3 )  at  (x3=z+h,  z-h) 


D  =  (z  +  h)d,  F  =  ( z  -  h)e 
and  those  of  edge-surface  charge  by 
( F ,  G)  =  Jz(1,  x3)opdx3 


(4.24) 

(4.25a) 

(4.25b) 

(4.26) 


are  introduced.  In  (4. 14 ) - (4 .27 ) ,  the  resultants  of 
stress,  initial  stress  and  electric  displacements 
are  measured  per  unit  length  of  the  coordinate 
curves  on  A,  those  of  acceleration,  surface  load  and 
surface  charge  per  unit  area  of  A,  and  those  of 
edge-load  and  edge-surface  charge  per  unit  length  of 
C.  Moreover,  in  terms  of  the  foregoing  definitions, 
the  continuity  of  tractions  and  that  of  surface 
charge  by 


(q'  +  r')m  -  (p1  +  s')11*1  =  0 

q' 

on  A  -XT 
m,m+1 


,m  .171+ 1 
d  -  f 


(4.27) 


399 


are  giv.n;  the  resultants  can  be  similarly  referred 
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to  the  A  of  each  constituent  in  place  of  A,  . 
m  1 

5.  Distributions  of  Strain  and  Electric  Field. 

Macroscopic  Constitutive  Equations 


1^3  =^33}  -  0  i  (n-1 ,2,  —  ,N 


(5.3b) 


In  deriving  (5.3),  the  covariant  derivatives  of  the 
displacement  vector  are  expressed  with  respect  to 
surface  metrics  by  means  of  the  identities  as 


The  components  of  incremental  strain  of  order 
(r)  are  obtained  by  use  of  the  appropriate  term  of 
the  unified  principle  (2.13),  namely. 


6J  33  =  JTdt/A  l  *-TzEsi j  -  1/2  *ui;j 

(5.D 

+  uJ.i)]6tiJ)(r)udAdx3  =  0 

By  inserting  (4.1)  into  this  equation,  and  then 
performing  the  integrals  over  the  entire  thickness 
of  piezoelectric  laminae,  recalling  the  resultants 
of  stress  (4.14),  one  finally  obtains  the  distribu¬ 
tion  of  incremental  strain  in  a  variational  form  as 


N 


6J  13  ’  ^Tdt^A  ^.1^0Sa8  ‘  ec<B^6N 

+  (1SaB  -eoB)dW“8  +  (2Sa6  '  ^3)6K“B 

+  (0Sa3  *  ea3)6Q“  +  (1Sc3  -  Ea3)6H“ 

+  (0s33  -  e33)6N33]{r)dA  =  0  (5.2) 

This  equation  leads,  as  its  Euler-Lagrange  equa¬ 
tions,  to 

osij  =  eij  ’  lsij  ‘  Eij  ’  2s i j  =  7ij  ^5'3a^ 


N 


aB 


where 


ea3  ^2  ^Va:B  +  VB:a  *  2baSV3^  ' 

*2’  =  e;6  +  1/2  3.  Zrm(Wa:B  +  WB;a  *  2baBW3> 


(r) 


r=1 


e1  ,  =  1/2  (v,  +  b  v  +  w  )'  ;  m=2,3,...,  N 

a)  3,  a  a  a  a 


3(m) 


ev  =  e',+  1/2  [w(m)  +  l  ziw ,  +  b°w)w'] 

a3  o3  a  £  rtn'  3, a  a  a 

e33^  =  w'm)  ;  m=1 ,2, .  .  ,N 

e'  =  1/2  (  -  b °v  „  -  b„v„.  +  2c  nv-,  +  w 

aB  a  o:B  B  a: a  aB  3  a:B 

+  w.  -  2c  „w,) ' 

8: a  aB  3 

E(^  =  1/2C (  -  b°v  .  -  b°v  .  +  2c  V,)' 

“S  a  a! B  B  a-a  aS  3 

+  (w  +  W  .  -  2c  W,)(m) 

a- B  B;a  aB  3' 

m 

+  y  z„m(  -  b°w  .  -  b“w  .  +  2c  w,)v’ '] 

i  rm  a  o  •  B  B  a  ■  a  aB  3 

e2)  =  1/2  w3  «'■  c33!  =  0  ’’  "1=1  >2, ...  ,N 

-  *.=.  -  *.=.  *  W’ 


w<5.,  l  ( r )  n 


i(r)- 


(5.3b) 


Ua;B  ~  Ua^Uo:B  *  baBU3*’’’”  U3;3  =  U3 , 3  (5’4! 

Here,  an  overbar  indicates  the  displacement  compo¬ 
nents,  as  defined  in  (3.3). 

In  a  similar  manner,  the  distribution  of  elec¬ 
tric  field  is  found  by  use  of  the  part  of  (2.13)  in 
the  form 

«y233  =  /  dt/A  -  l  !  Jz[6D1(Ei  +  *  i)])(r)udAdx3  =  0 
r=2 

(5.5) 

This  yields  the  distribution  of  electric  field  in 
a  variational  form  by 

6J233  =  /Tdt/Ar[(0Ei  -e^F* 
r=2 

+  ^Ej  -  ei)6Gi](r)dA  =  0  (5.6) 


and 


oEi  =  ei  >  1Ei  =  Ei 


(5.7) 


Here,  the  denotations  by 


>(2>  - 


(2) 


e;-  =  (z2  -  h2)4>o 


si m)  =  -  i  zrJ{TJ  i  m=3,4,  —  ,N-2 


r=1 


rm  ,a 


N-2 


,(N-1 ) 

'a 

>>  =  •  m=> 

e3N_1)  =  -  lz\* 

E^m)  _  _  4,  .  m=2,3, . . .  ,N-2 


(r) 


e3  =  ;  m=2,3, . . .  ,N-2 

N-2 


(r), 


(5.8) 


.(N-1) 


(r) 


ea  '  =  1  /hN- 1  r^2  hrlt> 
ej  =  ej  =e!  =  ej  =  e*m)  =  0  ;  m=2,3 . N 

are  introduced. 

Now,  the  distributions  (5.3)  and  (5.7)  are  sub¬ 
stituted  into  the  constitutive  part  of  (2.13),  and 
then  the  integrations  are  carried  out  with  respect 
to  the  thickness  coordinate  and  the  resultants  of 
stress  and  electric  displacements  are  used  wherever 
feasible,  with  the  results  in  variational  form  by 


6J122  =  fTdt/AI  ^[(NaS  -  N“6)6eaB  +  (MaB  -  m“b)6i 


aB 


+  (KaB  -  K“V  +  «T  -  Q>e  ,  +  (Ra  -  R“)6e„ 


+  (N33  -  N33)6e33l(r)dA  =  0  (5.9) 
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and 


6j222  =  -M^A  ^_i^F  "  Fc'6ei 


(5.10) 


+  (G1  -  G*)6e.](r)dA  =  0 

The  Euler-Lagrange  equations  of  (5.9)  and  (5.10) 
are  the  macroscopic  constitutive  relations  in  the 
form 


n“B  -  n“B  =  0,  MaS  -  m“B  =  0.  Ka6  -  K“6  =  0 
c  c  c 


Qa  -  Q“  =  0,  Ra  -  R“  =  0,  N33  -  N33  =  0 


(5.11) 


and 


Here, 


F1  -  F*  =  0,  G1  -  G*  =  0  on  AXT  (5.12) 


,  ad  MaB  ..ad,  ,r  r  r  ,  adk  1 ,  ,  T 

{NC  •  MC  *  KC  }  =  {c0-  h]  ('ki! 

%  'V  v 

-  (cn,  C,.  C?)kaB(Ek)T 

*\P  %  •\r  r\f' 

(Q“.  R“)  =  (c0,  c,)“3kl(skl)T  -  (c0.  c/^e/ 

.,33  _ 33k  1  / _  ,T  rk33,c  ,T  .¥T  ,,  , 

Nc  =  Co  'skr  *  Co  '^k  on  AXT  (5.13a) 


,  i k / r  \T 


and 

<FC’ sc>  ■  v  s.>‘JkVT  ♦  v  ‘.’"V 

In  the  above  equations, 

^kl}  =  (ekl’  eki;  Tkl>’  ^  =  (ek’  V  0) 

(5.14) 

are  defined.  Also,  the  elastic  stiffenesses  by 

5lJ-k  ■  c„-r  Cn-2>‘J"'k  (5',5al 


with 


C[J  •  •  -k  =  p  c'3  ‘  ‘  'k 


n  n 

are  introduced. 


(5.15b) 


6.  Governing  Equations  of  Incremental  Motion 

In  this  section,  within  the  order  of  approxima¬ 
tion  of  the  linear  representation  (4.1)  and  (4.2), 
the  macroscopic  stress  equations  of  incremental  mo¬ 
tion,  the  macroscopic  charge  equations  of  electro¬ 
statics  and  the  associated  natural  boundary  and  ini¬ 
tial  conditions  are  systematically  derived.  In  the 
derivation,  Mindlin's  method  of  reduction  is  fol¬ 
lowed  (see,  e.g.,40),  and  the  results  are  expressed 
in  both  variational  and  differential  forms.  Also, 
the  governing  equations  of  piezoelectric  biased 
laminae  are  fully  stated. 

To  begin  with,  the  first  term  of  (2.13)  is 
written  in  the  form 


6J1!.  =  JTdtjA  l  (  /zc(t1J  +  t‘V.k)M 

11  1  A  r=1  L  0  ,K  ’*  (6.1) 

-  Paj]6u.](r)lndAdx3  =  0 


kiJ  .  tikJ 


for  all  the  constituents  of  piezoelectric  laminae. 

By  substituting  (4.1)  into  this  variational  integral, 
using  various  relations  between  space  and  surface 
tensors  and  their  derivatives,  performing  integra¬ 
tions  with  respect  to  the  thickness  coordinate  and 
recalling  the  resultants  of  stress,  acceleration  and 
load  in  Section  4,  one  finally  arrives  at  the  vari¬ 
ational  equation  of  incremental  motion  as 


JTdt/A  l  t(Vl  +  U*  a-  1‘  ♦  1‘  -  pAI)6vi 

i  i  i  i  l  (rl  (6-2) 

+  (W1  +  T^  +  m1  +  m‘  -  PB1)^  TrjdA  =  0 


N 


where 


V*  =  VB“:6  -  bgQ°,  V3  -  V*3;a  ♦  baBV“B 


w°  =  WBa;6  -  Qa  ,  W3  =  w“3;a  -  N33  +  baBWaB 


(6.3) 


and 

<  ■  C.  -  •  <  ■  “f *  VC 

To  ■  C:.  -  -X3  - 

+  (Rq:3  -  N33)w“ 

T3  =  T“3  +  b  t“B  -  (R“  +  N33)w3 

o  0  la  ado  01“  0 

*  Q“(V3,a  +  baWd>  (6’4) 

In  these  equations,  the  denotations  of  the  form 

VaB  =  N“B  -  b>a0  ,  WaB  =  MaB  -  bBKa0 


V°3  =  Qa  ,  W“3  =  R° 


(6.5a) 


and 

C  =  Na0(vB;0  -  bBv3)  +  M“V;0  -  bBw3)  +  Q“3wB 

Uo3  =  Qo3w3  +  NoS(v3,8  +  bdvP>  +  Mo6(w3,B  +  bdwo} 
C  =  Mo°(vB:p  *  bov3>  +  C  ^io  "  b!w3> 

To3  *  M>3,B  +  b°Bvo>  +  0*3,8  +  bdwp>  <6-5b> 

are  introduced  in  terms  of  (4. 1 4 ) - ( 4 . 27 ) .  As  a  last 
step,  using  (4.6)  and  considering  the  continuity 
conditions  of  tractions  (4.27),  the  macroscopic 
stress  equation  of  incremental  motion  is  expressed 
in  variational  form  by 

6J1],  =  JTdtJAU[N  (r‘)(r)  ♦  b’"  -  c'']6v! 

N  .  ,  ,  (6.6a) 

+  [  n1 '  +  h'  l  (r1)  r  +  h '  ( c 1 '  +  b1";  -.w1' 
r=2 

N-1  j  (ml  N  .  . 

}  +  l  zmr(rl)  P  +  2H„b1"]6w|n,) 


m=2 


r=m 


m 


+  fn1"  -  (2h  -  h’  -  2h”)r1"  +  2h”b1"j6w"ldA  =  0 
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with 


rl  =  v1  +  -  p  A1  ,  n1  =  W1  +  -pB1 


b1  =  q1  +  ,  c1  =  p1  +  s‘  (6.6b) 

in  terms  of  the  variations  of  independent  displace¬ 
ment  functions  (4.1).  From  (6.6),  the  macroscopic 
stress  equations  follow  in  differential  form  as 

l  (V1  +  U‘)(r)  +  b‘"  -  c1'  =  l  (PAi)(r) 
r=1  0  r=1 

(W1  +  T*) '  +  h1  l  (V1  +  u‘)(r)  +  h 1 (c 1  +  b") 

r=2  .  N 

=  (pB1)'  +  h'  l  (PAM(r) 


(W1  +  T‘)(m)  +  l  z  ( V 1  +  U‘)ln  +  2h  b1" 
o  j mr  o  m 

r=m  N 

=  (PBi)<m>  +  l  zmr(PA1)(r) 

r=m 


fi  ,  ..Mr) 


on  AXT 


(W1  +  T*)“ 


(2h  -  h'  -  2h") (V1  +  U^)"  +  2h"b" 


=  (pB1)"  -  (2h  -  h'  -  2h")(PA1)"  (6.7) 

This  equation  or  (6.6)  represents  3 ( N+ 1 )  equations 

for  the  piezoelectric  biased  laminae.  In  deriving 

(6.6)  and  (6.7),  details  of  lengthy  computations 

are  omitted;  they  are,  however,  given  in  a  recent 
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report  . 

In  a  similar  manner,  to  derive  the  macroscopic 
charge  equations  of  electrostatics,  from  (2.13), 
the  variational  volume  integral  of  the  form 

6J =  -  fT dt/A  l  [J^D'.^O^ndAdx3  =  0  (6.8) 

is  evaluated  for  all  the  layers  of  piezoelectric 
laminae.  In  doing  so,  (4.11)  is  inserted  into  this 
equation  and  the  integrations  are  carried  out  with 
respect  to  the  thickness  coordinate,  and  then  the 
variational  integral  (6.8)  is  expressed  by 

6J21  x  /  dtj.  [N  [(F“  +  d  -  f)6» 

1  A  r=1  (6.9) 

+  (G°.a  -  F3  +  D  -  F)6<i,](r)dA  =  0 

with  64 1 =6$"=0.  This  equation  is  now  written  with 
respect  to  the  variations  of  independent  functions 
of  electric  potential  (4.10)  as 

*  4  *  l"' V?:.1**1” 

m=2  r=m 

+  ry“  -  (z  -  h  )p(N-2)a 

+  [x  N-2  ;  o  uN-2  nN-2'h  :a 

+  (1  +  zN_1/hN_1)hN_2F“_1  .  a 


+  x^.2  WN_2))dA  =  0 
with  the  denotations  by 
*mr  ^  6mr  +  (  -  1  + 


(6.10a) 


*m=Gm-hm/hN-1GN-r  **  =  *  Fm  +  WlFN-1 

(6.10b) 

wnere  the  continuity  of  surface  charge  (4.27)  is 
considered.  The  Euler-Lagrange  equations  of  (6.10) 
are  readily  written  as 

*m:«+*2  +  "’1V:rO:«s0  ;m=2-3--N-3 

r= m 

a  ,  v  a  3 

X  N-2  :a  *  uN-2  ‘  nN-2;hN-2  :a  +  V2 

„  (6.11) 

+  H  +  2n_  1/hN-1 )hN-2FN-1  :«  s  0  on  AXT 

which  represent  (N-3)  equations.  Thus,  the  macros¬ 
copic  charge  equations  of  electrostatics  are  ex¬ 
pressed  by  (6.10)  in  variational  form  and  by  (6.11) 
in  differential  form. 

Paralleling  the  derivation  of  the  macroscopic 
divergence  equations  (6.1  )-(6. 11).  the  mechanical 
and  electrical,  natural  boundary  conditions  of 
piezoelectric  biased  laminae  are  obtained  by  use  of 
the  variational  principle  (2.13).  The  tractions  of 
biased  laminae  are  prescribed  on  a  part  S ^(  =C ^XT )  of 

S£  and  Sjf  and  the  surface  charges  on  only  Sg.  To 

begin  with,  consider  the  pertinent  term  of  (2.13) 
for  the  mechanical  boundary  conditions,  namely, 

6111  =j  dt^ll  f  lt|  -  v  (t“3 
Lt  r=1  l 

+  t%j.Jl6Uil(r)udsdx3 

O  » K  J 

+  LL  (C-rJ  .  n,(t3j  +  t3ku3..  )  ]6U .  I  •  MdA  =  0 
TSlf  3  °  ’k  J  (6.12) 

After  evaluation  as  before,  this  equation  leads  to 
the  natural  boundary  conditions  of  tractions  in 
variational  form  as 

M1],  =  JTdt^cf  IN  CN3  -  Va(v“3  +  u"3)](r)6vl 

N 

+  (CM3  -  V  (w“3  +  t“3)]'  +  h1  1  (N3  -  v  (v“J 
0  r=2  ,J 

+  U“3)]{r))6w'  +  l  (CM3  -  v  (W°3  +  T“3)3(m) 

0  ]  4  *  a'  O 

J  m=1 

+  ^  zm_ENi  -  v  (v“3  +  u“3)](r))6w|nl)  +  UM3 
L  mr  *  a  o  j 

r=m 

-  va(w“3  +  t“3)]"  -  (2h  -  h’  -  h")[N3 

-  va(V“3  +  u“3)]"  }6Wj)ds  (6.13) 

+  /Tdt/C  C(P3'-  c3')6v’  +  h'(P3,  -  c3')Aw']dA  =  0 
1  blf  3  3 

which  yields  readily  the  boundary  conditions  of 
tractions  as  follows 


l  twi  -  v  (v“3  +  U“3)](r)  =  0 


N-1  N-1 '  N-  1  ,r  m  '  mr4m 


(6.14a) 
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[Mi  -  vjw01-'  +  t“J]'  +  [nJ  -  va(VaJ  +  u“J)](r) 

=  0  ;  [Mi  -  va(WaJ  +  T“J)](m) 

N  m=2, 3 . N-1 

+  l  ZmrCNi  -  v  (VaJ  +  U“J)](r)  *  0 
r=m 

[MJ*  -  v  (w°J  +  r“J )  ]" 

on  CtXT  (6.14a) 

-  (2h  -  h1  -  2h" ) [n!  -  v  (v“j  +  U01^ )  ]"  =  0 

a  0 

and 

Pi  -  (pj  +  s^)'  =  0  on  SlfXT  (6.14b) 

in  differential  form  as  well.  Besides,  the  natural 
boundary  conditions  of  mechanical  displacements  by 


v!  -  vf'=  0  ,  w?  -  w"*  =  0  on  C  XT 
11  li  u 

vV  -  6*"  =  0  ,  wV  -  yf"=  0  on  SufXT 
are  recorded. 


(6.15) 


In  like  manner,  substituting  (4.9)  into  the 
variational  surface  integral  of  the  form 

51  N-1 

61  21  '  *  a*)(6lf 

+  x36*)]<rUdx3  =  0  (6.16) 
and  evaluating  it,  one  reads 

51  N-1 

61  21  =  /TdtiPc  \  2  C(v«F“  *  F*)6<p 

+  (v^G01-  G*)6«pJ  (r)ds  =  0  (6.17) 

in  terms  of  the  resultants  (4.24)-(4.26) .  By  use 
of  (4.11),  the  natural  boundary  conditions  of  sur¬ 
face  charge  are  expressed  in  variational  form  by 


6I2^  =  /Tdt  jSrtI  [Hi1 
“  m=2 


N-3 


(m) 


r=m 


r,,N-2  r  a  ,  ,  N_a 

+  fH*  -  va[xN_2  +  (zN_2  -  hN_2)fN_2 

+  0  +  zN-1/hN-1)hN-2FN“-1  -° 

and  those  in  differential  form  by 
N-1 


H 


(m) 


^xm  +  ^  xmrFP=0;  ^,3, . . .  ,N-3 
r=m 


uN-2  r  a  , 

H*  '  VxN-2  +  {zN-2 


h  ) c 

V2''N-2 


+  d  +  zN_1/HN_1)hN_2F“_1  ]  =  0 

along  CXT  /6.19) 


Here, 


N-1 


H*  =  G™  -  (hm/hN_,)G^_1  +  I  xmrF*  ;  m=2,3,..N-3 

r=m 

(6.20) 


,N-2  -N-2 

I*  =0 


^  hN-2^hN-1  ^G* 


(zN-2 


^N-2  + 

^  +  zN-1/hN-1*hN-2F* 

(6.20) 

with 

(F„G*)m 

=  /  (1,  x3)cv(m)udx3 

(6.21) 

are  introduced. 


Lastly,  an  evaluation  of  the  volume  integrals 
ij  of  (2. 13) yields  the  natural  initial  conditions  of 
mechanical  displacements  and  electric  potential  by 

v-(x“,to)  -  «|'(x*)  =  0,  v'(x“,t0)  -  3*'(x“)  =  o 

^(x“,t0)  -  cf(x“)  =  0,  w^(x“,t0)  -  5*V)  -  0 

m=1,2,...,N  (6.22) 

<km(x“,t0)  -  n*m(x“)  =  0;  m=2,3 . N-1 

on  A(tQ)  (6.23) 

where  at,...,  ot  are  given  functions. 

Up  to  now,  the  set  of  two-dimensional,  approx¬ 
imate  equations  of  piezoelectric  biased  laminae  is 
systematically  and  consistently  derived  by  means  of 
the  unified  variational  principle  (2.13)  together 
with  the  linear  representation  (4.1)  and  (4.2).  The 
electroelastic  equations  are  given  both  in  variati¬ 
onal  and  differential  forms  at  the  perturbed  state. 
Similarly  the  governing  equations  can  be  derived  at 
the  unperturbed  state  for  the  static  behavior  of 
laminae  at  the  unperturbed  state.  This  is  recorded 


7.  ft  Direct  Method  of  Solution 

In  this  section  a  general  algorithm  is  pointed 
out  which  is  based  upon  Kantorovich's  method  for 
the  fields  of  mechanical  displacements  and  electric 
potential,  as  an  alternative  of  the  macromechanical 
analysis  of  piezoelectric  biased  laminae.  The  algo¬ 
rithm  starts  from  the  integral  principle  of  (2.3) 
in  lieu  of  its  Euler-Lagrange  differential  equations 
and  it  rests  entirely  upon  a  selection  of  the  fields 
for  each  constituent  under  the  ad  hoc  assumptions 
for  the  piezoelectric  region  infection  4.  The 
method  can  be  readily  and  succesfully  employed  by 
means  of  high-speed  digital  computers  for  the  macro¬ 
mechanical  analysis. 


To  begin  with,  the  fields  of  incremental  me¬ 
chanical  displacements  and  electric  potential  are 
expressed  by 


u>j,t) 

*V,t) 


0 


R 

l 

p+q+r 
R 

I 

p+q+r=0 


^qr(*“,t)  fr(x3))m 

(7.1a) 

t9pqr(x0,t)  gr(x3)Jm 


with 


[fPqr,  g  f 
l  ’  ypqr 


[apqr(t)uPq(x“),  V(t)V*“)]m 

(7.1b) 
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[fr(*3),  gr(x3)]  =  (x3)  r  (7.ib) 

Here,  and  6 pqr )  are  the  functions  to  be  deter¬ 
mined,  whereas  (u^q,  *  )  are  the  approximating 

functions  to  be  chosen  appropriately  in  order  to 
satisfy  all  or  some  of  the  given  boundary  condi¬ 
tions;  the  rest  of  constraint  conditions  can  be 
taken  into  account  through  Lagrange  multipliers  as 

35 

illustrated  by  the  author  .  The  approximating 
functions  should  be  selected  as  simple  as  possible 
so  that  operations  involving  them  can  be  carried  out 
easily. 

With  the  help  of  (7.1),  the  evaluation  of  the 
variational  integral  (2.3)  leads  readily  to  a  sys¬ 
tem  of  ordinary  differential  equations  in  terms  of 
arqr(t)  and  Bp  r(t).  The  system  of  equations  can 

be  reduced  to  that  of  nonlinear  algebraic  equations 
for  the  case  when  vibrations  and  wave  propagation 
are  considered  in  the  piezoelectric  biased  laminae. 
The  results  with  some  applications  are  presented  in 

3c 

detail  in  a  forthcoming  report  . 

8.  On  Special  Cases 

Various  cases  involving  special  geometry,  mate¬ 
rial  and  incremental  motion  of  piezoelectric  laminae 
may  be  readily  investigated  with  the  help  of  the 
general  results  derived  in  invariant  form  in  the 
previous  sections.  Here  attention  is  first  limited 
to  the  case  of  piezoelectric  plates  in  which  the 

curvature  effect  vanishes,  namely,  bg=Ug=0  ( cf . , 24 ) . 

The  results  for  one  layer  (N=1)  agree  with  those26. 

A  complete  linearization  in  the  results  leads  to 
the  linear  theory  of  piezoelectric  laminae.  In  such 
a  case,  it  is  shown  by  logarithmic  convexity  argu¬ 
ment  that  the  conditions  (6. 13)-(6.23)  are  suffi- 
ent  to  ensure  the  uniqueness  in  solutions  of  the 
electroelastic  equations  of  laminae.  This  and  a 
variety  of  applications  of  the  general  results  to 

35 

particular  problems  are  given  in  a  recent  report  . 
Further,  special  classes  of  materials  for  the  con¬ 
stituent  of  piezoelectric  laminae  may  be  considered 
in  the  macroscopic  constitutive  relations  (5.9)- 
(5. 14), and  also  special  kinematics  may  be  intro¬ 
duced  in  (4.1),  (4.2)  and  (7.1). 

9.  Summary  and  Conclusions 

Established  here  n  a  systematic  and  consist¬ 
ent  derivation  of  the  t.o  -dimensional  electroelastic 
equations  of  piezoelectric  laminae  under  a  mechani¬ 
cal  bias  by  means  of  the  unified  variational  princi¬ 
ple  (2.13)  together  with  the  linear  representation 
(4.1)  and  (4.2).  The  electroelastic  equations  given 
in  both  differential  and  variational  forms  govern 
all  the  incremental  types  of  laminae  motions.  The 
variational  principle  generates  all  the  fundamental 
equations  of  piezoelectric  strained  media.  The  re¬ 
sults  contain  some  of  earlier  results  as  special 
35 

cases  .  Lastly,  an  extension  of  the  present  re¬ 
sults  to  viscoelastic  and  electromagnetic  layers 
will  be  reported  elsewhere. 
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Abstract 

A  tuning  fork  angular  rate  sensor  made  out  of  a 
single  piece  of  quartz  has  been  studied.  The  piezo¬ 
electric  effect  is  used  both  to  excite  a  reference 
vibration  in  the  plane  of  the  tuning  fork  and  to  detect 
a  vibration  normal  to  this  plane.  The  amplitude  of  the 
second  vibration  is  directly  proportional  to  the 
applied  angular  velocity.  The  structure  is  made  rigid 
in  order  for  it  to  survive  in  a  harsh  environment.  This 
implies  that  the  only  vibrationally  active  areas  are 
the  tines  of  the  tuning  fork.  The  performance  of  the 
sensor  is  predicted  with  the  help  of  a  phenomenological 
piezoelectric  beam  theory.  This  theory  shows  that  it 
suffices  to  study  the  two-dimensional  dielectric  field 
in  the  cross-sections  of  the  beams  in  order  to  obtain 
the  values  of  the  piezoelectric  equivalent  components. 
Estimates  of  these  values  can  be  obtained  without  the 
use  of  special  computer  programs.  The  predictions  are 
shown  to  be  in  agreement  with  measurements. 


1.  Introduction 

The  market  for  inexpensive,  small  sensors  is 
expanding  steadily.  It  is  becoming  more  and  more 
important  to  be  able  to  reduce  price  (and  size)  since 
sensors  and  actuators  are  becoming  one  of  the  more 
expensive  parts  of  computerized  systems.  One  of  the  few 
techniques  that  can  be  used  in  producing  inexpensive, 
small  structures  is  micromachining  (including  batch 
fabrication).  The  fabrication  techniques,  including 
anisotropic  etching  and  bonding,  have  recently  been 
developed  extensively  for  both  quartz  and  silicon.  True 
three-dimensional  structures  can  now  be  designed  in 
both  materials  (1,2,3).  However,  it  is  still  difficult 

to  etch  in  some  directions.  A  number  of  quartz  and 
silicon  sensors  have  recently  been  designed  [4,5]  and 
commercialized  successfully  using  this  technique. 

Now,  the  design  of  micromechanical  sensors  is  no 
longer  restricted  by  fabrication  difficulties.  The 
complexity  of  the  structures  can  be  expected  to 

increase.  This  implies  that  more  experiments  are  needed 
in  order  to  optimize  performance.  It  will  thus  become 

more  and  more  important  to  be  able  to  predict  the 
behavior  of  the  sensors  without  having  to  perform 
expensive  and  time-consuming  experiments.  This  points 
out  the  importance  of  accurate  analytical  tools.  These 
tools  can  also  be  helpful  in  explaining  anomalies  in 
experiments  as  well  as  to  stimulate  new  experimental 

ideas  and  identify  important  design  parameters  of  the 
structure. 
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A  number  of  computerized  methods  of  calculating 
interesting  properties  exist.  The  most  well  known  of 
these  is  the  finite  element  method  (FEA  or  FEM).  This 
method  is  general  and  can  handle  almost  any  differen¬ 
tial  equation  describing  the  physical  situation, 
including  piezoelectricity  [6],  It  is  important  that 
the  analytic  methods  are  based  on  simplicity  and  under¬ 
standing  in  order  for  the  user  to  gain  a  better  sense 
of  what  parameters  the  interesting  properties  depend 
on.  There  is  thus  a  large  demand  for  simple  phenomeno¬ 
logical  methods  in  addition  to  the  more  general, 
detailed  and  complicated  methods. 

This  article  will  address  the  problem  of  flexural 
vibrations  of  piezoelectric  beams.  These  vibrations  are 
normally  described  using  the  electric  equivalent 
circuit  in  Fig.  1.  Methods  on  how  to  predict  the  values 
of  the  components  in  this  circuit  have  been  presented 
previously  (7,8).  These  methods  are  not  entirely  based 
on  a  phenomenological  description  of  the  piezoelectric 
effect.  They  do  not,  for  instance,  clearly  indicate  the 
role  of  the  different  electric  fields.  It  is  thus 
difficult,  using  these  methods,  to  visually  understand 
the  performance  of  different  electrode  configurations, 
as  well  as  to  predict  the  performance  if  only  simple 
analytic  tools  are  available. 


Fig.  1.  An  electric  equivalent  circuit  of  a  vibrating 
structure.  Each  of  the  R„C„L„-branches  represents  the 
behavior  close  to  a  resonance  frequency  (l=L„Cn-o>  , 
RnQn=Lnu„h  The  dielectric  capacitance  is  denoted  C0. 

The  obtained  knowledge  has  been  used  to  study 
angular  rate  sensors  made  of  quartz.  These  sensors  are 
based  on  the  principle  of  conservation  of  linear 
momentum  (9,10).  This  specific  sensor  application  uses 
all  three  of  the  properties  of  well-defined  resonance 
frequencies,  of  electrically  activated  mechanical 
vibrations  and  of  the  conversion  of  a  mechanical 
deflection  into  an  electric  signal.  It  is  thus  a  well- 
chosen  example  of  how  flexural  vibrations  can  be  used 
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in  different  sensor  and  actuator  applications.  Piezo¬ 
electric  angular  rate  sensors  will  therefore  be 
discussed  in  more  detail  in  this  article.  Predictions 
for  this  sensor  will  be  compared  with  experiments. 


Ha.  Piezoelectricallv  excited  flexural  vibrations 


electric  field  considerations 


The  piezoelectric  effect  is  due  to  the  atomic 
dipole  structure  of  the  material.  The  value  of  the 
polarizing  effect  of  each  dipole  is  proportional  to  the 
local  stress,  T.  The  charges  of  neighboring  dipoles 
will  partly  neutralize  each  other.  This  will  result  in 
a  global  distribution  of  bound  piezoelectric  volume  and 
surface  charges,  pvo,  and  p,urf.  This  distribution  is 
given  by  (cf.  Ill]) 


Pvoi  =  -divP 

P  Surf  =  P*noul  .  (1) 

P  =  d*T 


Fig.  2.  Geometry  of  a  simplified  beam.  The  coordinate 
system  does  not  need  to  coincide  with  the  crystallo¬ 
graphic  system. 


in  which  v  denotes  the  direction  of  vibration  (e  g.  =  x 
or  z)  and  Sy  0  the  strain  at  the  origin  of  the 
coordinate  system  (the  mass  center).  The  last  equality 
in  Eq.  (3)  indicates  that  the  strain  can  be  described 
with  one  of  the  well-known  piezoelectric  equations  (sE 
is  the  compliance  tensor  at  constant  electric  field) 
(e.g.  [12]). 


where  P  is  the  piezoelectric  polarization,  d  the  piezo¬ 
electric  coupling  coefficient  and  noul  the  normal  out 
of  the  material.  The  last  equation  is  based  on  the 
well-known  piezoelectric  equation  D=er*E+d*T  in  which  D 
is  the  electric  displacement  vector  and  eT  the 
permittivity  tensor  at  constant  stress  (e.g.  [12]). 

The  stress-induced  bound  charges  in  Eq.  (1)  will 
create  a  piezoelectric  field,  Ep,  in  addition  to  the 
dielectric  field,  Ed,  created  by  the  potential  of  the 
electrodes 


The  beam  approximation  can  also  motivate  the 
neglect  of  electric  field  components  in  the  direction 
of  the  beam.  This  is  not  a  necessary  restriction  but  it 
simplifies  the  calculation  of  the  electric  fields  by 
reducing  the  electric  part  of  the  problem  into  a  two- 
dimensional  one.  Experiments  indicate  that  the  electric 
field  in  the  surrounding  of  the  piezoelectric  material 
does  not  noticeably  influence  the  piezoelectric 
properties.  It  can  thus  also  be  neglected  if  desired. 


One  can  define  the  following  integrals  once  the 
E  =  Ed(no  deformation)  +  Ep(electrodes  grounded)  .  (2)  electric  fields  are  known: 


These  fields  will  in  reality  be  coupled  to  each  other 
since  the  dielectric  field  piezoelectrically  introduces 
stress  and/or  strain  in  the  material.  Poisson’s 
equation  is  used  to  find  the  piezoelectric  field  due  to 
the  bound  charges,  while  the  well-known  Laplace’s 
equation  is  used  to  find  the  dielectric  field. 

The  two  fields  will  give  rise  to  I,  a  current  of 
free  charges  to  and  from  the  electrodes  (JTdt=fDdA). 
The  dielectric  field  and  current  will  give  the  value  of 
the  C„-capacitance  in  Fig.  1,  and  the  piezoelectric 
field  and  current  the  values  of  the  components  in  the 
RnC„L„-branches  of  the  well-known  electric  equivalent 
circuit  [7], 

Beams  are  defined  as  being  long  compared  to  the 
dimensions  of  the  cross-section.  This  implies  that 
stress  in  all  other  directions  than  in  the  direction  of 
the  beam  can  be  neglected  [13].  This  transforms  the 
mechanical  part  of  the  problem  into  a  one-dimensional 
one.  The  strain,  S,  in  the  direction  of  the  beam  in 
Fig.  2  can  then  be  described  by  a  radius  of  curvature, 
Rcv(y),  (=— <" (y)~  for  small  deflection),  according  to 

Sy(x,y,z)  =  +  Sy,0  =  dkyEk  +  syyTy  ,  (3) 

■'ey 


f  (y)  =  JJv-E?(x,y,z)dxdz  ,  (4a) 

Sy  y 

S  (y)  =  JJv-uJ(x,y,z)dxdz  (4b) 

and 

f  (y)  =  |  £ek  ,Upv(x,y,z)+^-!-J!.Jdrk  ,  (4c) 

where  Up  equals  EPRCV,  and  In  the  second  moment  of 
area  with  respect  to  an  axis  normal  to  v  and  y.  The 
third  integral  is  to  be  taken  over  the  part  of  the 
surface  of  the  cross-section  that  is  covered  by 
positive  electrodes.  The  k  denotes  the  direction  normal 
to  the  line  element,  dTk.  It  will  be  shown  that  these 
integrals  contain  all  information  of  interest  regarding 
the  electric  fields  in  the  beam.  Some  interesting 
properties  of  the  integrals  are  as  follows: 

*  The  first  integral  determines  the  vibration 
amplitude  due  to  an  applied  electric  field  (see 
Eq.  (7)).  This  integral  can  be  estimated 
accurately  without  using  a  computer. 

*  The  second  integral  causes  the  effective  value  of 
syy,  for  mechanical  properties,  to  depend  on  the 
shape  of  the  electrodes  (oc[l-Jp .,]“*,  see  Eqs.  (6) 
to  (8)).  This  alteration  should  be  coirmared  with 
that  of  the  effective  value  of  eT  («l-d  /es)  which 
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is  independent  of  the  electrode  configuration 
used.  The  second  integral  can  normally  be 
neglected  (|JP,.  |sd  /es). 

•  The  third  integral  determines  the  piezoelectric 
current  due  to  a  known  vibration.  This  integral  is 
useful  in  understanding  the  efficiency  of  an 
electrode  configuration.  In  most  cases  it  is 
proportional  to  the  first  integral  (J'a..=-AVf .  v, 
see  Eq.  (10b)). 

It  is  only  the  first  or  the  third  of  these 

integrals  that  needs  to  be  considered  if  field 

components  in  the  direction  of  the  beam  are  negligible 
(true  for  a  beam).  One  can  thus  choose  whether  to  treat 
the  problem  purely  dielectrically  or  purely  piezo- 
electrically. 


mechanical  considerations 


The  mechanical  deflection  due  to  an  applied 
electric  field  is  determined  by  a  force,  F,  and  a 
bending  moment,  M.  Neutrality  in  each  cross-section  of 
the  beam  is  determined  by 


Fy(y)  =  Mx(y )  =  M2(y)  =  0 


J'/Tydxdz  =  J'J'z-Tydxdz  =  JTx-  Tydxdz  =  0 


This  gives  the  following  value  for  the  static  radius  of 
curvature  in  the  absence  of  external  forces,  q(y)  (Ty 
is  given  by  Eq.  (3)), 


<"(y,u=0) 


(6) 


Dynamic  effects  can  be  taken  into  account  by  deriving 
the  piezoelectric  version  of  the  differential  equation 
for  beams  (14) 


and  A p  in  dm=Ap-dy  is  the  weight  function  of  the 
integration.  The  nth  eigenmode  and  the  quality  factor 

are  denoted  and  Q„.  The  factor  Dn  describes  how  much 
the  static  deflection  contains  of  each  eigenmode.  It 

depends  on  Sa ...  on  the  location  of  the  electrodes  and 
on  the  geometry  on  the  beam.  The  dependence  of  the 
vibrational  energy  («D„)  on  the  location  of  the 
electrodes  for  the  beam  in  Fig.  2  is  shown  in  Fig.  3. 
The  last  part  of  Eq.  (8a)  describes  the  increased 

response  at  frequencies  close  to  the  resonance 
frequencies.  It  is  normally  desirable  to  keep  the 

energy  losses  small  (Q„»l).  It  cm  then  be  assumed  that 
the  nlh  term  in  the  sum  in  Eq.(8)  dominates  completely 
close  to  the  nlh  resonance  frequency. 


r/1  [%1 

Fig.  3.  The  dependence  of  the  vibrational  energy  (<xD*) 
on  the  location  of  the  electrodes.  The  electrodes  are 
assumed  to  cover  the  distance  ye{q,r)Z{0,l}  in  Fig.  2. 
The  beam  has  a  constant  cross-section  area,  is 
supported  at  one  end  and  vibrates  at  the  fundamental 
resonance  frequency. 


in  which  S  is  a  general  damping  term,  p  the  density  and 
A  the  area  of  the  cross-section.  It  is  worth  noting  in 
Eq.  (7)  that  it  is  only  the  dielectric  part  of  the 
electric  field  that  acts  as  a  driving  force.  The  piezo¬ 
electric  part  affects  the  effective  value  of  S*y, 
which,  in  turn  affects,  for  instance,  the  values  of  the 
resonance  frequencies, 

The  solution  to  Eq.  (7)  is  best  obtained  via  an 
extended  eigenmode  decomposition  of  the  static 
deflection  in  Eq.  (6).  For  a  harmonic  voltage  with 
frequency  u  (q(y)=0,  w=w/u„),  this  gives 


lie.  Piezoelectricallv  excited  flexural  vibrations 
equivalent  circuit 

The  piezoelectric  current,  given  by 


will,  via  Rcv,  have  the  same  frequency  dependence  as 
the  piezoelectrically  induced  mechanical  vibration. 
Thus  both  can  be  described  by  the  same  second  order 
system.  The  scale  factor  between  the  electric  and  the 
mechanical  properties  is  obtained  by  equating  the  power 
dissipation  in  the  two  systems  (UIp=JMp(y)d»>,  where 
f=<'(y)).  This  gives  the  following  important  relation 
(AV(w,t)  is  the  voltage  applied  to  the  electrodes) 
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JC(y)-  ^Xa.»+AV-f.  vjdy  =  O  ,  (10a) 

which  is  transformed  into 

JVv  =  -AV-f.,v  (10b) 

when  field  components  in  the  direction  of  the  beam  are 
neglected.  The  fact  that  ii>2J?€ndm=-.f£"J"a  «dy  has  been 

n 

used  in  deriving  Eq.  (10).  Equation  (10b)  can  also  be 
proven  using  vector  analysis.  Note  that  the  piezo¬ 
electric  current  is  proportional  to  the  velocity  of  the 
beam,  and  that  the  force  acting  on  the  beam  is 
proportional  to  the  applied  voltage. 

An  electric  second  order  system  can  be  represented 
by  an  R„C„L„  circuit.  This  explains  the  correctness  and 
popularity  of  the  equivalent  circuit  in  Fig.  1. 
Comparing  the  currents  through  the  RnC„L„-branches  in 
Fig.  1  with  the  mechanical  amplitude  of  the  n1'1  term  of 
the  sum  in  Eq.  (8)  [151  gives  the  following  measurable 
quantity: 


analytically  (£„(y).  J\,  and  f,.v)  or  calculated  via 

Eq.  (11). 

The  integral  Ja .,  which  is  better  suited  for 
numerical  calculations  than  the  integral  is  based 

on  the  dielectric  field  in  the  cross-sections  of  the 
beam  (Laplace’s  equation).  Accurate  estimates  of  tKe 

value  of  /,,,  can  be  obtained  by  first  dividing  the 
cross-section  into  a  small  number  of  area  elements, 
AA„.  The  appropriate  component  of  the  electric  field 
intensity,  Ey  „,  at  the  center  of  the  elements,  is  then 
estimated  by  roughly  sketching  the  equipotential  and 
the  field  lines  between  the  electrodes  (see  Fig.  4  for 
an  advanced  sketch).  The  estimated  values  are  then 
inserted  into  the  discrete  form  of  the  integral 
definition  of  v 

~  v„E«.„AA„  ,  (12) 

Syy  III 

in  which  v„  .otes  the  distance  between  the  center  of 
the  mth  element  and  the  center  of  bending.  A  fairly 

rough  guess  as  to  the  shape  of  the  dielectric  field 

gives  surprisingly  accurate  estimates  without  the  need 
of  advanced  calculation  tools. 


C„= 


-1 

AVu2m0 


v<y)-£"(y)dy 


(y)-£"(y)dy 

v  n 


(lla) 


2 

where  m0=/£nApdy.  The  electrodes  are  allowed  to  cover 
any  part  of  the  beam.  Equation  (10a)  can  be  used  to 
simplify  the  expression  for  C„  according  to 


C„ 


v(y)-€"(y)dyj 


1 

AM2  2 

AV  0>omo 


|jdv(y)-r(y)dy 


AV2m„ 


■I  2 

J^(y,u=0)-£n(y)dy 


(lib) 


The  electrodes  have  been  assumed  to  cover  the  area 
y€<q,r>S<0,l>.  Equation  (lib)  is  further  simplified  if 
it  is  assumed  that  the  shape  of  the  electrodes  and  the 
geometry  do  not  change  in  the  interval  ye<q,r)  and  if 
field  components  in  the  direction  of  the  beam  are 
negligible: 


Cn  = 


,„2  2 

AV  u„m 


rbr)-?;(qf  = 


u„m0  <■  J 


(11c) 


Equation  (11)  contains  a  number  of  unknown  quantities. 
These  can  either  be  measured  (C„  and  £„(y)),  determined 


Fig.  4.  Electric  field  intensity  in  the  cross-section 
for  the  drive  electrode  configuration  in  Fig.  8.  The 
size  of  the  arrows  is  proportional  to  the  field 
intensity.  The  direction  of  the  arrows  indicates  the 
direction  of  the  electric  field. 

The  integral  v  is  better  suited  for  under¬ 
standing  how  different  electrode  configurations  work. 
Its  value  can  be  estimated  by  first  plotting  the 
distribution  of  bound  charges  (Eq.  ( 1 ) )  in  the  cross- 
section.  Smoothly  curved  electric  field  lines  are  then 
drawn  between  these  charges  under  the  condition  that 
the  electrodes  are  short-circuited.  The  lines  should  be 
approximately  normal  to  the  surfaces.  Let  k.  denote  the 
fraction  of  lines  that  enters  one  electrode  (free 
charges  are  induced)  and  exits  another  that  dielectri¬ 
cally  has  opposite  polarity.  The  value  of  f.,v  is  then 
given  by 


§ +.v  —  “l^ePpRcv 


(13) 
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where  pp  denotes  the  amount  of  bound  positive  piezo¬ 
electric  charge  in  the  cross-section.  The  effect  of, 
for  instance,  dimensional  as  well  as  electrode  configu¬ 
ration  changes  and  strange  cross-section  geometries  can 
easily  be  studied  by  observing  changes  in  k,  and  p„ 
from  a  rough  sketch  of  the  charge  distribution.  This 
method  is  well  suited  for  rapid  determination  of  the 
most  efficient  electrode  configurations. 

Different  aspect  ratios  of  the  cross-section  can 
easily  be  studied  using  the  integral  § .  v.  An  example 
on  how  this  is  done  using  the  estimate  in  Eq.  (13)  is 
shown  in  Fig.  5.  The  estimates  of  § ,  ,  obtained  in  this 
way  can  be  compared  with  the  values  obtained  from 
Eq.  (4)  (see  Fig.  6).  The  deviation  is  found  to  be 
small. 


b 


Fig.  5.  The  value  of  f.x  for  the  electrode  configur¬ 
ation  in  Fig.  8a  can  be  estimated  in  a  simple  way  using 
Eq.  (13)  by  dividing  the  cross-section  into  four  areas 
according  to  the  figure.  The  bound  charges  attract/- 
repel  free  charges  on  the  electrodes.  The  charge  on 
each  electrode  can  be  said  to  depend  only  on  the  amount 
of  charge  within  the  adjacent  area.  This  results  in  k,= 
b/Zh  and  =l-h/Zb  respectively.  The  amount  of  bound 
positive  charge  equals  ppRcx=  d,ybh/syy. 

The  slope,  Oy).  at  the  electrode  boundaries  can 
be  determined  from  a  rough  sketch  of  the  eigenmodes  or 
by  using  numerical  methods  (e.g.  perturbation  theories 

or  ordinary  mechanical  FEA). 

The  expressions  for  C„  can  be  used  in  order  to 
determine  the  values  of  J"aiV  and  f .  v  from  measurements 
of  Cn.  The  values  of  these  integrals  can  be  used  to 

determine  actual  vibrational  amplitudes  (Eq.  (8))  and 
piezoelectric  currents  (Eq.  (9)).  The  normalized  shape 
of  the  eigenmodes  can  also  be  obtained  from  Eq.  (11) 

and  measurements  of  the  motional  capacitance  by  varying 
the  location  of  the  electrodes.  This  is  done  most 
easily  if  the  electrodes  are  not  in  physical  contact 
with  the  beam.  The  value  of  the  integral  Jd  v  can  be 
assumed  to  be  constant  during  these  measurements  if  the 
electrodes  are  located  close  to  the  surface  of  the  beam 
(the  field  in  the  surroundings  is  not  negligible  in 
this  case).  The  amplitude  of  the  vibration  can  also  be 

determined  once  the  value  of  „  is  known. 


Fig.  6.  The  dependence  of  f ,  v  on  the  aspect  ratio  of 
the  cross-section  for  the  elect/ ode  configurations  in 
Figs.  8a-8d  (s=l/2).  Curves  (8a)  and  (8b)  are  related 
to  a  vibration  in  the  x-direction  and  curves  (8c)  and 
(8d)  to  one  in  the  z-direction.  The  curve  ’(approx.)’ 
is  obtained  from  the  estimate  made  in  Fig.  5.  The 
separation  between  neighboring  electrodes  has  been 
assumed  to  be  infinitely  small.  It  has  also  been 

assumed  that  dxy  is  much  larger  than  d2y. 

111a.  Tuning  fork  angular  rate  sensors 
general  overview 

Piezoelectric  beams  and  membranes/plates  are 
common  in  sensor  and  actuator  applications.  These 

applications  use  either  the  properties  of  well-defined 
resonance  frequencies,  of  electrically  activated 
mechanical  vibrations  or  of  the  conversion  of  a 
mechanical  deflection  into  an  electric  signal.  A  sensor 
that  uses  all  three  of  these  principles,  a  piezo¬ 
electric  angular  rate  sensor,  has  been  studied.  An 
overview  of  rate  sensors  will  be  given  in  this  section 

in  order  for  the  reader  to  fully  appreciate  the 
advantages  of  the  studied  sensor  concept. 

An  angular  rate  sensor  can  be  based  on  a  number  of 
different  principles.  Most  well-known  are  those  based 
on  a  rotating  mass.  The  conservation  of  angular 
momentum  implies  that  it  is  very  difficult  to  alter  the 
direction  of  rotation.  This  memory  function  will  be 
observed  as  a  change  in  direction  of  rotation  of  the 

rotor  with  respect  to  the  mounting  if  the  mounting, 
e.g.  an  aircraft,  is  turning  (cf.  a  compass).  The 
rotating  movement  can  be  replaced  by  a  vibrating  one. 
The  memory  function  will  then  be  based  on  conservation 
of  the  linear  momentum.  The  most  well-known  example  of 
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this  second  type  of  rate  sensor  is  Foucault's  pendulum. 
The  vibrating  structure  has  the  advantage  of  not  using 
bearings  and  ether  parts  that  can  wear  out.  Other 
examples  of  rate  sensors  are  laser  and  fiber-optical 
gyroscopes  based  on  the  Sagnac  effect  [161. 

Most  effort  has  so  far  been  concentrated  on 
conventional  rotating  gyroscopes  and  on  laser 
gyroscopes.  It  is  thus  natural  that  these  sensors  show 
the  best  performance.  Unfortunately,  they  are  also  the 
most  expensive.  Vibrating  rate  sensors  will  in  the 
future  show  competitive  performance.  It  was  shown  as 
early  as  25  years  ago  that  it  is  possible  to  obtain  a 
resolution  below  [Vh  [171  by  using  a  vibrating  steel 
tuning  fork  (electromagnetic  drive  and  capacitive  pick- 
off).  Th“  -ost  of  vibrating  rate  sensors  can  be 
expected  to  be  substantially  lower  than  for  other  types 
of  rate  sensors  if  solid-state  technology  and  ASIC 
circuits  are  used.  Other  advantages  with  vibrating 
solid-state  rate  sensors  are  that  they  have  an 
'infinite'  lifetime,  a  rapid  response,  a  wide  range  of 
measurements,  are  simple  and  can  withstand  a  harsh 
environment. 

A  vibrating  angular  rate  sensor  is  preferably 
shaped  like  a  tuning  fork.  The  necessary  vibration  will 
then  be  localized  to  the  tines  at  the  same  time  as 
external  vibrations  are  unable  to  reach  the  tines.  The 
symmetry  of  the  fork  structure  reduces  the  acceleration 
sensitivity,  since  linear  acceleration  deflects  both 
tines  in  the  same  direction,  while  the  Coriolis  force 
deflects  them  in  the  opposite  direction.  Signal 
processing  can  then  be  used  to  suppress  the  linear 
acceleration  dependence.  The  sensor  will  withstand  a 
harsh  environment  if  the  stem  and  the  mounting  are 
designed  to  be  rigid.  The  only  vibrationally  active 
areas  will  then  be  the  tines.  This  is  in  contrast  to 
older  types  of  tuning  fork  rate  sensors  that  used  a 
fragile  mounting.  This  type  of  mounting  enabled  a 
transfer  of  tine  vibration  energy  into  a  torsional 
movement  of  the  lower  part  of  the  stem,  but  it  also 
implied  difficulties  in  finding  a  proper  mounting  area. 
The  strength  and  the  acceleration  insensitivity  is 
further  increased  if  a  fairly  large  resonance  frequency 
is  used. 

The  principle  of  a  vibrating  tuning  fork  rate 
sensor  is  as  follows.  The  linear  momentum  that  is  to  be 
conserved  is  created  by  exciting  the  tines  piezo- 
electrically  in  an  oscillation  in  the  plane  of  the  fork 
(D, -D-  in  Fig.  7).  This  is  the  vibration  used  by 
musical  tuning  forks  as  well  as  by  most  watch  crystals. 
The  reference  vibration  is  restricted  to  the  plane  that 
D,  ^2  defines  due  to  conservation  of  momentum.  However, 
this  plane  is  altered  if  the  tuning  fork  is  rotated 
around  an  axis  parallel  with  the  tines.  The  tines 
compensate  this  by  initiating  a  vibration  (S,-S2)  out 
of  the  plane  of  the  tuning  fork.  The  amplitude  of  this 

second  vibration,  which  is  said  to  be  induced  by  the 

Coriolis  force,  is  directly  proportional  to  the  speed 

of  rotation,  0.  This  second  vibration  can  be  detected 
piezoelectrically. 

A  large  output  is  obtained  if  a  large  drive 
amplitude  is  used.  This  is  obtained  by  utilizing  one  of 
the  drive  resonance  frequencies.  It  is  also  important 
that  this  drive  frequency  is  almost  equal  to  one  of  the 
resonance  frequencies  of  the  sense  vibration.  An 

amplitude  amplification  according  to  the  last  factor  in 
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Fig.  7.  Simplified  geometry  used  for  a  tuning  fork 
angular  rate  sensor.  A  suggested  electrode  configu¬ 
ration  is  also  shown.  The  drive  electrodes  excite  a 
vibration  in  the  x-direction  and  the  sense  electrodes 
detect  a  vibration  proportional  to  Cl  in  the  z- 
direction. 

Eq.  (8a)  is  then  obtained  However,  thermal  stability 
considerations  imply  that  it  is  not  desirable  to  have 
the  two  resonance  frequencies  coincide. 

It  is  important  that  the  location  of  the 
electrodes  and  the  geometry  of  the  tines  are  chosen 
carefully  in  order  to  obtain  a  large  output  (see  Fig.  8 
for  some  useful  electrode  configurations).  A  compromise 
between  the  location  of  the  drive  and  the  sense 
electrodes  is  necessary  since  they  must  both  be  located 
on  the  tines  if  a  rigid  mounting  is  used.  One  suggested 
location  is  shown  in  Fig.  7.  The  drive  and  the  sense 
electrodes  can  also  be  interchanged.  It  is  also 
possible  to  use  one  tine  to  drive  and  the  other  to 
sense  the  resulting  vibrations. 


V_  V.  V+ 


V+  V 


Fig.  8,  Four  common  electrode  configurations  used  for 
quartz.  Configurations  8a  and  8b  are  used  to  excite  a 
vibration  in  the  x-direction  and  the  remaining  two  in 
the  z-direction.  The  equivalent  component  efficiencies 
of  the  four  configurations  are  related  according  to  1.0 
:  0.13  :  0.10  :  0.25. 

It  is  important  to  reduce  the  zero  rate  output  of 
the  sensor.  It  is  easy,  if  one  is  not  careful,  to 
obtain  a  zero  rate  signal  that  is  more  than  a  factor 
1000  times  larger  than  the  desired  resolution.  A  number 
of  different  causes  for  the  unwanted  signal  exist  [18). 
The  major  ones  are  capacitive  coupling  between  the 
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drive  and  sense  electrodes  and  mechanical  coupling 
between  the  drive  and  sense  vibrations  119]  The  effect 
of  the  first  can  be  reduced  by  a  careful  optimization 
of  the  electronics,  and  the  second  by  a  caref ul  control 
of  the  etching  and  by  balancing  the  tines. 

The  piezoelectric  tuning  fork  is  preferably  made 
out  of  quartz.  Conventional  wafer  technology,  etching 
and  evaporation  can  then  be  used. 


111b.  Tuning  fork  angular  rate  sensors 
predictions/experiments 

The  theory  of  predicting  piezoelectric  performance 
presented  above  can  be  used  in  order  to  predict  the 
performance  of  various  sensors  and  actuators.  The 
predictions  are  best  performed  by  using  the  electric 
equivalent  circuit  in  Fig.  1.  The  components  in  this 
circuit  easily  represent  measurable  quantities.  The 
theory  has  been  used  in  order  to  study  the  tuning  fork 
angular  rate  sensor  described  in  the  last  section. 

The  electric  input  to  the  sensor  element  is  the 
voltage  of  the  drive  signal.  This  voltage  is 
transformed  into  a  mechanical  amplitude.  The  amplitude 
of  this  vibration  is  given  by  Eqs.  (8)  and  (11).  A 
faster  way  of  converting  the  voltage  into  an  amplitude 
is  obtained  by  equating  the  piezoelectric  and  the 
mechanical  energies.  Assume  that  the  frequency  used 
equals  the  drive  resonance  frequency  <j0,  with  eigenmode 
?o<y)-  This  gives  the  drive  amplitude 

=  (14) 

“°  1  JCodm  i 

A  constant  amplitude  is  ensured  if  the  drive  current  is 
monitored  (Ic<d</dt).  The  amplitude  chosen  should  not  be 
larger  than  the  strength  of  the  material  permits. 

The  amplitude  in  Eq.  (14)  is  converted  into  a 
sense  amplitude  via  the  Coriolis  force: 


dFc(y)  =  -2ApQ-Can,.(y)dy  .  (15) 


The  amplitude  of  the  resulting  sense  vibration, 
C«n,.(y).  depends  strongly  on  the  geometry  of  the 
tines.  A  square  beam  supported  at  one  end  with  sense 
resonance  frequency  us  (u0/<Js=w=!l,  ^slyl^olyD  has 


The  sense  amplitude  is  most  easily  converted  into 
a  detectable  current  via 


2 

—  Wq  ' 


jc,s-J<sdm) 


(17) 


The  output  from  the  sensor  should  not  only  respond 
to  a  static  rotation.  It  should  also  respond  well  to  a 
harmonic  rotation  (Qo<uosurott)  if  urot  is  below  the 
bandwidth,  BW,  of  the  system.  The  harmonic  rotation 
together  with  the  harmonic  drive  vibration 

(?ac..“COst)Dt)  implies  that  the  frequency  dependence 
of  the  Coriolis  force  is  altered  slightly: 


dFc(y)=  A(y ) •  sin(<jD-njro;)t  +  B( y ) •  sin(wD-<jro,)t  ,  (18) 


where  A(y)  and  B(y)  are  time  independent  constants.  The 
sense  vibration  is  given  by  the  superposition  of  the 
responses  of  the  two  parts  of  the  Coriolis  force.  These 
responses  are  obtained  by  replacing  u0  in  the 
definition  of  w  in  Eq.  (16)  by  Uo+u,.,,,  and  u0-u>rot 

respectively.  The  dependence  of  on  urot  can  be 

described  by  a  correction  factor.  Crol.  The  shape  of 
this  factor  depends  strongly  on  the  principle  used  in 
the  sense  electronics.  It  is  advisable  to  make  the 
sense  electronics  sensible  to  only  one  phase  of  the 
sense  signal,  the  phase  at  urot=0.  This  can  be  achieved 

by  first  multiply  the  sense  signal  with  a  signal  with 

known  phase  and  frequency  uD,  and  then  low-pass  filter 
the  resulting  signal.  This  gives  the  stationary 
solution 


“  Crot  a 


i ,  2,2  2, ,  2, 

( 1  +  V  )  ♦  U  (  1-V  ) 

(1+v2)2  +  2u2( 1-v2 )  +  U4 


(19a) 


where 


Au3aB  (19b) 

2(u0-us) 

v  =  - — . 

au3aa 

It  has  been  assumed  that  wrol«u>0«ci>s.  The  3dB-bandwidth 
of  the  sense  resonance  peak  is  approximately  equal  to 
us/Qs=A u3oB.  The  value  of  Crol  has  been  plotted  in  Fig. 
9  for  appropriate  values  of  v. 


. (y)  =  +  [^)  } 


(16) 


The  bandwidth,  which  is  defined  as  the  value  of 
o>  ot  at  which  Crot  deviates  with  more  than  3dB  from  the 
value  1,  can  be  found  from  Eq.  (19): 


It  can  be  seen  that  the  sense  vibration  is  directly 
proportional  to  the  applied  rotation.  The  sense 
vibration  is  not  allowed  to  be  large  compared  to  the 
drive  vibration  since  that  could  introduce  non¬ 
linearity  (the  sense  vibration  ’steals’  energy  from  the 
drive  vibration).  It  is  realistic  to  maximize  the  sense 
amplitude  to  1/10  of  the  drive  amplitude  as  well  as  to 
assume  a  dynamic  range  of  1000.  This  implies  that  the 
sense  electrodes  should  be  able  to  detect  the  amplitude 
1  A  if  the  drive  amplitude  is  in  the  order  of  1  pm. 


S’ 

(1-v2)2-^-  +  4v2-(a_1-l| 


(20) 


where  a  equals  10  '  (3dB).  The  sign  (+  or  -)  should 
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Fig.  9.  The  dependence  of  the  amplitude  in  the  sense 
direction  on  the  frequency  of  the  applied  rotation. 
Tarious  values  of  the  frequency  dif f erence  has  been 
assumed. 
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Fig.  10  The  JdB-bandwidth  as  a  function  of  the 
frequency  difference.  The  bandwidth  approaches 
n.b4-  u~-w  .  at  large  values  of  v  and  [<■>;,•  ws;  at  values 
just  below  V-J.J5. 

be  chosen  so  as  to  minimize  BW.  The  bandwidth,  given  by 
Eq.  (20)  is  plotted  in  Fig.  10.  The  limiting  cases  are 
found  to  be  BW=0.54-  j  I  if  v»l  (a  large  separation 

between  the  resonance  peaks)  and  BW=0. 32 -Au3tie  if  v^O 
(wide  resonance  peaks).  The  abrupt  change  in  bandwidth 
at  v=3.35  is  due  to  C,„s  having  values  3dB  greater  than 
1  above  this  value  of  v.  It  can  be  seen  that  having 
ud=<j3  gives  a  low  value  of  the  bandwidth.  This  choice 
of  resonance  frequency  separation  normally  also  implies 
problem  with  temperature  stability.  Best  performance  is 
obtained  if  the  separation  between  the  two  resonance 
frequencies  is  chosen  so  large  that  temperature  drift 
of  the  resonance  frequency  separation  does  not  affect 
the  responces  in  Eqs.  (16)  and  (19)  noticeably. 

A  number  of  tuning  forks  have  been  tested  (e.g. 
that  in  Fig.  11)  in  order  to  verify  the  sensor  concept 
and  the  described  method  of  prediction.  Various 
locations  of  the  electrodes  and  different  electrode 
configurations  have  been  tested.  The  electric 
equivalent  components  of  the  crystals  were  measured  and 
compared  with  predictions.  The  measured  values  of  the 
impedance  were  between  0  and  77.  higher  than  those 
predicted.  This  implies  a  maximum  error  in  the  values 
of  J"a »  and  f ,  „  of  3.57,.  This  is  comparable  to  the 
inaccuracy  of  the  impedance  measurements.  The  small 
difference  might  also  be  due  to  treating  the  geometry 


Fig.  11.  One  of  the  geometries  tested.  The  opaque  areas 
consist  of  evaporated  gold  on  top  of  a  thin  laver  of 
chrome.  The  drive  electrodes  are  located  near  the  stem 
and  the  sense  electrodes  near  the  tip  of  the  tines.  The 
large  number  of  wire  bonding  pads  on  the  stem  are 
useful  in  testing  different  electrode  conf  igurations. 

as  an  ideal  mechanical  beam  Some  of  the  results  are 
shown  in  Table  1.  The  efficiency  factors  in  the  table 
indicate  the  reduced  efficiency  of  the  equivalent 
components  due  to  the  electrodes  not  covering  the 
entire  length  of  the  tines  (location  efficiency,  see 
Fig.  3)  and  the  entire  cross-section  (electrode 

efficiency,  the  electrodes  are  smaller  than  those  shown 
in  Fig.  8).  The  obtained  deviations  between  measure¬ 
ments  and  predictions  are  equal  to  or  smaller  than 
those  derived  using  other  theories  leg  81.  The 

advantage  of  the  presented  mathematical  tool  is  that  it 
is  phenomenological  and  simpler 

Some  of  the  tuning  forks  have  been  connected  to  a 
simple  electronic  circuit  (15  active  components) 
according  to  Fig.  12a.  The  electronics  consists  of  four 
parts  (see  Fig.  12b)  [201: 

*  A  drive  loop  that  activates  the  reference 

vibration  with  a  well-defined  amplitude  (AGC=- 
automatic  gain  control), 

*  a  preamplifier  that  picks  up  and  band-pass  filters 
the  small  signal  from  the  sense  electrodes, 

*  a  demodulator  that  blocks  signals  90‘  out  of  phase 
with  the  useful  signal  and 
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1 

Table  1.  A  comparison  between  predicted  and  measured 
values  of  the  equivalent  component  C,  of  tuning  forks 
with  constant  cross-section  area. 
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Fig.  12.  The  piezoelectric  angular  rate  sensor  as  an 
electric  component.  Figure  12a  shows  the  electric 
equivalent  circuit  representation  of  the  sensor  and 
Fig.  12b  the  electronics  it  is  connected  to. 

*  a  postamplifier  that  low-pass  filters  and 

amplifies  the  final  signal. 

Note  that  the  frequency  of  the  angular  rate  signal  from 
the  sensor  (see  Eq.  (18)  implies  that  low  frequency 
acceleration  dependent  signals  can  be  cancelled  via 
filtering.  The  purpose  of  the  electronics  is  to  show 
that  it  is  possible  to  construct  a  rate  sensor  based  on 
the  described  concept  and  to  identify  difficulties.  The 
design  criterion  of  this  generation  of  electronics  has 
not  been  that  of  optimizing  performance. 

Best  performance  was  obtained  with  a  600  pm  thick 
tuning  fork  having  a  resonance  frequency  of  37  kHz 
(cases  2  and  4  in  Table  1).  The  crystal  was  encap¬ 
sulated  in  air  giving  a  quality  factor  of  Q0~Qs~13  70°- 
This  gives  a  3  dB  bandwidth  of  the  peak  of  2.7  Hz.  The 
output  from  the  sensor  is  30  pA/°/s  at  a  drive  level  of 
5pW.  This  is  well  in  agreement  with  predictions  made 
using  Eqs.  ( 14)— ( 17). 

The  output  noise  for  the  crystal  together  with  the 
first  generation  electronics  corresponds  to  0.4°/s 
(0.03  seconds  integration  time).  Most  of  this  is  due  to 
phase  noise  together  with  a  large  zero  rate  output.  The 
noise  can  be  expected  to  be  substantially  reduced  with 
the  next  generation  of  electronics,  due  to  the  intro¬ 
duction  of  a  capacitive  coupling  compensation  together 
with  the  absence  of  cancellation  of  large  signals. 


The  large  zero  rate  output  together  with  the 
unsophisticated  electronics  implied  that  the  output 
signal  was  temperature  sensitive  (r/s/°C). 

Experiments  have  been  performed  on  reducing  the 
mechanical  coupling  by  depositing  material  on  selected 
areas  of  the  tines.  It  has  been  snown  that  successful 
results  can  be  obtained  if  gold  is  used. 

Hysteresis  and  ordinary  non-linearity  are  two 
quantities  that  are  normally  negligible  for  a  solid- 
state  sensor  based  on  crystalline  material.  It  has  not 
been  possible  to  distinguish  any  hysteresis  and  non¬ 
linearity  of  the  sensor  element  from  that  of  the 
electronics  in  the  experiments.  This  indicates  that 
these  are  not  limiting  parameters  and  are  thus  less 
interesting  properties  to  study  at  this  point. 


IV.  Discussion 

In  this  article  it  has  been  described  how 
predictions  of  the  performance  of  piezoelectric  beams 
can  be  made  in  a  simple  way.  It  was  also  shown  how  the 
vibration  amplitude  could  be  measured  by  varying  the 
location  of  the  electrodes.  The  method  of  prediction 
can  be  extended  to  plates/membranes  as  well  as  to  more 
complicated  geometries.  However,  the  simplicity  of  the 
method  will  not  come  to  its  right  in  plates/membrane 
applications  since  the  electric  fields  in  such 
applications  are  much  simpler  than  those  used  in  beams. 

It  has  also  been  discussed  how  a  tuning  fork 
angular  rate  sensor  can  be  designed.  It  should  be  noted 
that  beams  are  not  the  only  geometry  that  can  be  used 
in  vibrating  rate  sensors.  Vibrating  plates/membranes, 
cylinders  and  other  structures  can  also  be  used  as  long 
as  it  is  possible  to  activate  one  large  vibration  and 
to  detect  another  vibration  (e.g.  shear)  perpendicular 
to  the  first  vibration. 

Piezoelectricity  is  advantageous  in  this  sensor 
application  since  the  sensor  element  can  be 
manufactured  out  of  one  single  piece  of  material  in  a 
simple  way.  Other  ways  of  activating  and  detecting  a 
vibration  exist  also.  Electrostatic  and  optothermal 
effects  as  well  as  piezoresistivity  and  changes  in 
capacitance  due  to  a  deflection  can  be  used. 
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Abstract :  X-ray  topography  using  synchrotron  radiation  was 
used  to  investigate  vibrational  states  in  quartz  resonators.  After 
a  brief  review  of  different  methods  and  possibilities  obtained 
with  synchrotron  radiation,  some  observations  on  vibration 
modes,  especially  on  coupled  piezo-electric  components  in 
quartz  AT  and  BT  resonators,  are  reported.  The  experiments 
performed  revealed  time-progressive  components  and  several 
complex  coupled  components  in  AT  and  BT  cuts. 


Introduction 

Laboratory  X-ray  topography  [II  is  an  usual  technique 
to  characterise  vibration  modes  in  quartz  £21.  The  synchrotron 
radiation  from  a  storage  ring  provides  new  facilities  to  this 
technique  :  the  high  flux  of  synchrotron  X-ray  sources  and  the 
large  range  of  X-ray  wavelengths  permit  to  get  Laue  patterns  of 
the  resonators,  thus  to  analyse  the  spatial  structure  of  vibration 
modes;  the  pulsed  synchrotron  radiation  allows  the  use  of 
stroboscopic  technique  and  the  study  of  the  time  structure  of 
vibration  modes.  Quartz  resonators  have  been  analyzed  using 
synchrotron  radiation  at  the  D.C.I.  storage  ring  (Orsay,  France) 
and  specific  results  have  been  obtained  concerning  coupled 
piezo-electric  components. 


I.  Principles  of  the  experimental  techniques 

The  principle  of  the  Lang  topography  is  illustrated  in 
figure  1.  The  drawing  is  made  in  one  incidence  plane.  The 
incident  beam  coming  from  a  point  focus  of  an  X-ray  tube  is 
collimated  by  a  first  slit  to  reduce  the  beam  divergence  to  about 
one  minute  of  arc.  The  crystal  is  placed  on  a  goniometer  head  at 
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the  exact  Bragg  condition  for  a  given  set  of  reflecting  planes 
characterized  by  a  normal  diffraction  vector  g.  Inside  the  crystal 
waves  are  diffracted  in  all  the  Borrmann  fan.  Outside  the  crystal 
the  transmitted  beam  is  stopped  by  a  second  slit  and  the 
reflected  beam  falls  on  a  photographic  plate.  In  the  Borrmann 
fan  the  wavefields  belonging  to  both  branches  of  the  dispersion 
surface  interfere  and  give  rise  for  a  crystal  of  constant  thickness 
a  set  of  fringes  parallel  to  the  edges  of  the  image,  called 
Pendelldsung  fringes.  A  traverse  topograph  is  obtained  when 
the  crystal  and  the  photographic  plate  are  scanned  together.  It 
corresponds  to  the  integration  of  a  series  of  section  topographs 
along  the  scanning  direction.  In  the  case  of  a  perfect  crystal  no 
contrast  exists  on  a  traverse  topograph  since  Pendelldsung 
fringes  on  section  topographs  are  integrated.  In  presence  of 
crystal  defects  different  contrasts  appear  and  the  fringes  on 
section  topographs  are  perturbed.  The  analysis  of  these 
contrasts  permit  to  determine  defect  characteristics. 


Using  synchrotron  radiation  it  is  possible  to  get  Laue 
patterns  with  the  white  X-ray  beam.  A  transmission  Laue 
setting  is  shown  in  figure  2  where  the  crystal  is  simultaneously 
imaged  with  different  diffraction  vectors  g  and  all  the 
diffraction  spots  are  recorded  on  a  photographic  plate.  Each 
diffraction  spot  corresponds  to  a  topograph  made  with  the 
corresponding  diffraction  vector  g.  As  like  the  laboratory 
topography  two  types  of  topographs  are  possible.  A  traverse 
topograph  is  obtained  using  a  large  incident  X-ray  beam 
(typically  15x7mm2)  and  a  large  incident  X-ray  beam  with  a 
low  divergence  is  made  possible  in  this  case  because  the  X-ray 
source  is  at  a  large  distance  of  the  sample  (typically  23m). 
When  the  incident  beam  is  limited  by  a  fine  slit  (about  15pm),  a 
section  topograph  is  obtained. 


The  contrasts  observed  are  related  to  both  the  diffraction 
vector  g  and  the  displacement  vector  u  in  the  crystal.  In 
particular  for  an  acoustic  wave  the  contrasts  due  to  the  vibration 
vanish  when  these  two  vectors  are  perpendicular  (g.u=0)  and 
the  vibration  is  the  best  visualized  when  the  two  vectors  are 
parallel.  For  each  type  of  resonators  one  has  to  set  the  crystal  in 
such  a  way  that  the  suitable  diffraction  patterns  g  can  be 
recorded.  For  quartz  AT  and  BT  resonators  the  three  vectors  g 
which  separate  at  best  the  three  displacements  (u1.u2.u3)  are 
listed  below  (Tab.l).  The  two  components  ui  and  U3  can  be 
simultaneously  visualized  in  rotating  the  crystal  about 
respectively  the  X3  and  xj  axis  of  the  resonator  on  transmission 
Laue  setting  and  the  component  u2  on  reflection  Laue  setting. 
In  figure  3  is  shown  an  example  of  the  transmission  Laue 
patterns  obtained  with  a  quartz  AT  plano-convex  resonator 
operating  at  the  7th  thickness-shear  overtone  and  the 
components  of  u  1  and  u3  can  be  seen  respectively  on  the  spots 

g=210  and  g=012. 


diffraction  vectors  g 

components  u 

AT  cut 

BT  cut 

ui 

210 

210 

U2 

Oil 

012 

U3 

012 

Oil 

Tab.l.  Diffraction  vectors  g  separating  the  three  displacements 
for  quartz  AT  and  BT  resonators. 


To  obtain  classic  (time-integrated)  topographs  vibrations 
in  resonators  are  simply  driven  by  a  frequency  generator  and 
different  resonances  can  be  analyzed.  In  the  case  of 


Diffracted  beams 


Fig.2.  Principle  of  the  transmission  Laue  setting. 


►** 


Fig  . 3.  Transmission  Laue  patterns  of  a  quartz  AT  plano-convex 
resonator  where  the  resonator  was  rotated  about  8  degrees 
around  the  both  x/  and  xy  axis  to  get  the  spots  g=2 1 0  and 


g=0i2. 


X-ray 


radiation 


synchronized  signal 


Synchrotron 

radiation 


Fig. 4. Principle  of  the  stroboscopic  X-ray  topography. 
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stroboscopic  (time-resolved)  topography  only  one  resonant 
vibration  whose  frequency  is  n-times  of  that  of  pulsed  X-ray 
beam  (about  3MHz)  can  be  analyzed.  The  driving  electrical 
signal  on  resonators  is  directly  piloted  by  a  signal  taken  by  a 
capacitive  probe  in  the  storage  ring,  so  that  the  exact 
synchronization  between  X-ray  beam  and  vibrations  is  assured 
(Fig-4)  [3). 

II.  Characterization  of  vibrations  and  crystal  defects 

X-ray  dynamic  contrasts  were  evidenced  by 
stroboscopic  X-ray  topography  in  connection  to  vibration 
amplitudes  in  resonators.  On  section  topographs  extra 
Pendelldsung  fringes  appear  with  increasing  vibration 
amplitudes  and  on  traverse  ones  elliptical  fringes,  resulted  from 
the  integration  of  the  previous  extra  Pendelldsung  fringes  over 
the  whole  resonator  surface,  constitute  equal-level  curves  of 
vibration  amplitudes.  It  was  established  that  the  fringe  number 
is  related  to  vibration  amplitudes  within  a  0.3A  precision  in 
usual  cases  [4,5]. 

In  presence  of  crystal  defects  the  modification  of  these 
typical  X-ray  contrasts  characterizing  vibrational  states  in 


resonators  provide  indications  on  the  defects  influences  on 
acoustic  vibrations.  Concerning  dislocations  and  etch  channels 
it  was  observed  that  elliptical  fringes  are  mostly  disturbed  in  the 
vicinity  of  defects  suggesting  a  perturbation  of  acoustic  spatial 
coherences  in  these  zones  and  the  shape  of  the  resonator 
vibrating  zone  is  affected  by  defect  bunches  |6],  Similar  results 
were  obtained  in  presence  of  growth  bands  and  a  series  of 
stroboscopic  X-ray  traverse  topographs  of  a  growth  band  in 
function  of  vibration  amplitudes  is  shown  in  figures  5a-e.  It  can 
be  clearly  seen  that  elliptical  fringes  are  also  perturbed  by  the 
presence  of  the  growth  band. 

Observations  by  X-ray  topography  revealed  several 
interesting  aspects  of  resonators  which  need  still  further 
investigations  in  order  to  get  a  better  understanding.  Two 
samples  presenting  different  electrical  phase  noises  were 
analyzed  and  a  correlation  between  dislocations  densities  and 
electrical  phase  noises  might  be  drawn  from  these  observations. 
The  sample  of  lower  phase  noise  shown  in  figure  6a  has  a  low 
density  of  dislocations  and  its  vibration  shape  seems  to  be 
regular.  In  contrary  for  the  sample  of  higher  phase  noise  shown 
in  figure  6b,  the  dislocation  density  is  higher  and  the  vibration 
shape  is  disturbed  by  dislocations.  This  point  has  to  be  detailed 
by  further  observations.  Resonators  under  diametrical 


Fig5a-e.  Stroboscopic  X-ray  traverse  topographs  of  a  quartz  AT  resonator  containing  a  growth  band,  a)  without 

vibration;  b)-e)  with  increasing  vibration  amplitudes. 
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compression  were  also  analyzed  in  a  preliminary  study.  Figure 
7a  shows  a  stress-free  sample  where  elliptical  fringes  can  he 
seen  and  the  shape  of  the  central  vibrating  zone  is  slightly 
affected  by  dislocations.  When  a  diametrical  compression  along 
the  s i  axis  was  applied  to  the  resonator  under  the  same 
electrical  excitation,  the  vibration  contrast  disappeared 
apparently  due  to  the  frequency  shift  induced  by  the  stress  and 
the  dislocation  images  became  blurred  (Fig. 7b).  To  get  again 
the  vibration  contrast  it  was  necessary  to  increase  the  level  of 
the  electrical  excitation  (ten  times  for  the  present  case)  on  the 
resonator  (Fig. 7c).  Further  studies  on  the  stress  effect  in 
connection  with  the  mode  shapes  and  resonator  impedances 
will  be  carried  out. 


c 


t'ig.7.  Classic  X-ray  topographs  of  a  uhratme  i/iutrt:  \l 
resonator  uruler  a  diametrical  compression  along  the  < /  axis  a> 
stress-free;  h)  muter  a  diametrical  compression  with  the  same 
electrical  excitation  as  in  al.  c)  utulcr  a  diametrical  compression 
with  ten  lime  higher  electrical  excitation  than  in  at 


III.  Characterization  of  vibration  mode  shapes 


A  mostly  interesting  aspect  revealed  by  stroboscopic  X- 
ray  topography  is  the  existence  of  time  progressive  acoustic 
component  beside  the  classical  acoustic  standing  waves. 
Observations  made  in  high  quality  synthetic  quartz  AT 
resonators  suggest  that  these  time  progressive  components  are 
expected  to  he  untrapped  and  related  to  the  energy  dissipation  in 
the  resonators,  since  the  intrinsic  dissipation  is  very  low  in  the 
material.  T  he  progressive  components  appear  to  couple  all  the 
three  displacements  (ui.tn.m)  |4|. 


More  classically  for  untrapped  modes,  coupled  in 
and/or  ut  standing  components  have  always  been  observed  in 
piano-plane  resonators  or  in  plano-convex  resonators  operating 
at  low  overtone  modes,  uy  and/or  in  components  extend  up  to 
the  resonator  edges  and  they  have  a  very  complex  spatial  form. 
Figures  7a-b  show  a  case  of  a  quartz.  AT  resonator  operating  at 
an  anharmonie  of  the  fundamental  th'ckness  shear  mode 
tnmp=12()). 


h 


h  ig  ,S.  Coupled  standing  and  untrapped  U2  anchor  u  t  components  observed  by  classic  X-ray  topographs  in  a  quartz  AT 
piano  C'irrcx  r,  ■■.or  an  <r  on, ’rating  at  on  anharmonir  of  the  fundamental  thick  nets  '■hear  mode  at  tt)  component  imaged 
with  g=2 10.  b)  uy  anchor  m  components  imaged  with  g=01  3. 


c 


Fig.13.  Three  mode  shapes  observed  in  a  quartz  AT  resonator, 
a)  u  i  mode  imaged  with  g=301 ;  b)  uj  mode  imaged  with 
g=013;  c)  a  mixture  of  U2  and  U3  modes  imaged  by  g=01 1 . 

For  trapped  modes,  strong  mode  coupling  may  occur 
with  standing  weaves.  It  was  observed  that  the  two  ui  and  U3 
thickness-shear  modes  are  coupled  particularly  in  the  range  of 
7th  (and  9th)  overtones.  Figures  9a- 12b  are  examples  of 
observed  coupled  modes  in  quartz  AT  plano-convex 
resonators.  This  coupling  may  be  due  to  the  overlapping  of  ui 
and  U3  mode  frequency  spectra  in  this  range  [7,8].  An  other 
interesting  case  is  shown  in  figures  13a-c  where  three  different 
mode  shapes  were  observed.  The  ui  shape  is  represented  in 
figure  13a,  while  the  U3  shape  is  approximately  visualized  in 
figure  13b  and  the  third  topograph  (Fig.  13c)  presents  a  mixture 
of  U2  and  U3  components.  The  three  distinct  mode  shapes 
observed  might  suggest  a  mode  coupling  three  basic 
eigenmodes.  This  point  has  to  be  verified  more  precisely. 


An  interesting  case  of  mode  coupling  was  observed  in 
highly  excited  resonators.  It  concerned  a  coupling  between  two 
ui  modes  which  have  a  relative  time  phase  : 
ui  (total)  =  ul(1)  e‘“‘  +  ui(2) 

where  ui(1>  represents  the  main  mode,  ui(2)  a  secondary  one 
and  0  the  relative  time  phase  between  two  modes.  Using  the 
stroboscopic  technique  and  by  varying  the  relative  time  phase 
between  X-ray  beam  and  vibrations  in  such  a  way  that  a  mode 
uisappears  from  the  observation,  the  modes  were  separated. 
While  the  main  ui^1  >  mode  excited  was  the  5th  overtone 
thickness-shear  one,  the  secondary  ui<2)  mode  observed  might 
be  assigned  to  the  closest  antisymmetric  anharmonic.  This 
observation,  available  only  by  the  stroboscopic  technique,  shall 
be  instructive  concerning  non-linear  effects  in  highly  excited 
resonators.  For  the  present  case  a  correlation  was  observed 
between  the  detection  of  the  secondary  mode  and  the  electrical 
hysteresis  phenomenon  related  to  the  anisochronism  effect. 

Plano-plane  BT  cut  resonators  were  designed  with 
rectangular  electrodes  and  analyzed  by  synchrotron  X-ray 
topography.  In  figure  14a  the  uj  component  is  seen.  It  can  be 
noticed  the  presence  of  horizontal  fringes  which  are  due  to  the 
ui  component  of  the  coupled  flexure.  This  component  stays 
relatively  confined.  The  U2  component  of  the  coupled  flexure  is 
seen  in  figure  14c  with  almost  regular  horizontal  fringes, 
whereas  the  U3  component  appears  also  with  the  presence  of 
vertical  and  horizontal  fringes  (Fig.  14b).  Corresponding  time 
integrated  topographs  show  that  the  ui  component  including  the 
coupled  flexure  contribution  is  standing  (Fig.  15a),  but  for  the 
U3  component  the  part  which  disappears  is  progressive 
(Fig.  15b).  The  vertical  fringes  observed  in  figure  15b  are  rather 
difficult  to  interpret,  but  they  correspond  to  standing  part  of  the 
U3  component.  This  example  showed  that,  for  piano-plane  BT 
rectangular  resonators,  the  thickness-shear  ui  modes  are 
coupled  to  the  flexure  modes  as  it  can  be  expected.  More 
surprising  is  the  U3  component  including  not  only  standing  and 
progressive  parts  but  also  two  sets  of  fringes  suggesting 
several  coupled  modes  in  the  crystal. 
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Conclusion 


In  this  paper  examples  were  given  to  illustrate  the  use  of 
synchrotron  X-ray  topography  to  analyse  different  aspects  of 
resonators,  namely  the  coupled  mode  shapes.  For  quartz  AT 
and  BT  resonators  under  thickness-shear  (ui)  excitation  several 
coupled  components  can  be  induced  and  they  may  be  trapped  or 
untrapped  and  standing  or  progressive.  These  observations 
provide  interesting  data  to  further  theoretical  calculations  of  the 
acoustic  displacement  field  in  resonators. 
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Abstract 

A  number  of  methods  of  plotting  the 
vibrational  distribution  of  quartz 
resonators  have  been  developed.  Probably 
the  first  attempt  at  any  vibrating 
structure  was  by  Chladni  in  1787  using 
fine  powder.  Many  of  the  methods  used 
light  as  a  probe,  perhaps  the  most  well 
known  being  Lang  topography  using  X-rays. 
Others  using  interferometry  are  only 
really  applicable  to  modes  with  a 
predominantly  normal  component,  such  as 
flexural  modes.  A  review  of  the  different 
methods  of  plotting  the  vibrational 
distribution  of  resonators  will  be  given. 
This  will  include  a  new  method  that  is 
applicable  to  thickness-shear  modes  at 
high  frequencies. 

The  method  uses  light  as  a  probe  in  a 
similar  way  as  a  toothpick  is  commonly 
used  in  the  quartz  industry.  There  the 
toothpick  is  gently  tracked  across  the 
surface  of  the  resonator  whilst  the 
electrical  response  of  the  crystal  is 
monitored.  A  mixture  of  damping  and 
loading  by  the  toothpick  alters  the 
crystal  in  both  the  frequency  and 
amplitude  domains.  Using  light,  however, 
the  effect  is  to  locally  perturb  the 
standing  wave  of  the  resonating  area.  This 
perturbation  manifests  itself  as  a 
transitory  change  in  the  frequency  of  the 
resonance.  This  change  is  proportional  to 
the  magnitude  of  the  standing  wave.  Thus 
by  rastering  the  pulsed  light  beam  across 
the  area  of  the  resonator  and  monitoring 
the  change  in  its  resonant  frequency,  the 
vibrational  distribution  can  be  mapped. 


1. REVIEW  OF  OTHER  METHODS 
1.1  Introduction 

A  number  of  methods  of  plotting  the 
vibrational  distribution  of  quartz 
resonators  have  been  developed.  There  are 
a  few  non-optical  methods  using  either 
powders  or  electrical  probes,  but  most  use 
light.  Many  of  the  methods  use  the  wave 
properties  of  photons  in  that  interference 
patterns  are  produced.  The  most  well  known 
method  is  Lang  topography  using  X-rays. 


The  earlier  methods  using  interferometry 
were  only  really  applicable  to  modes  with 
a  predominantly  normal  component,  such  as 
flexural  modes,  and  at  low  frequencies. 
Latterly,  since  the  advent  of  the  laser, 
a  number  of  methods  have  been  developed 
which  are  capable  of  probing  the  in-plane 
vibrations  of  thickness-shear  resonators. 
Other  fundamental  particles,  such  as 
neutrons  and  electrons,  have  also  been 
used  in  probing  quartz  vibrations.  For 
instance,  very  interesting  results  have 
been  produced  from  SEM  investigations. 

1.2  Non-optical  Methods 

1.2.1  Powder  Methods 

The  earliest  method  tor  visualising  a 
resonating  structure  is  attributed  to 
Chladni  [1]  in  1787.  Here  it  was  assumed 
that  the  powder  settled  along  the  nodes. 
However,  Savart  [2]  in  1820  showed  that 
there  were  more  nodes  indicated  than 
existed.  Wood  [3]  analysed  the  problem 
taking  into  account  both  horizontal  and 
vertical  displacements  and  showed  that 
where  both  displacements  occurred,  the 
pattern  became  more  complex.  Furthermore, 
the  method  requires  large  displacements  to 
move  the  powder  and  is  hence  unsuitable 
for  thickness-shear  resonators. 


1.-2-.2  Electrical  Probe  Methods 

Two  probe  methods  have  been  described.  One 
method ,  due  to  van  Dyke  [  4  ] ,  maps  the 
strain  across  the  crystal,  whereas  the 
other ,  due  to  Koga  [ 5 ] ,  maps  charge 
polarisation.  The  equipment  used  by  both 
is  similar,  in  that  a  small  electrical 
probe  protrudes  through  an  earth  plane, 
both  probe  and  plane  being  close  to  the 
surface  of  the  crystal  (figure  1).  In  the 
method  of  van  Dyke,  the  opposite  face  of 
the  crystal  also  has  an  earth  plane  and 
the  probe  forms  one  arm  of  an  admittance 
bridge.  In  the  Koga  and  Fukuyo  method  the 
face  opposite  the  probe  is  connected  to  a 
frequency  source  which  drives  the 
resonator,  and  the  probe  is  connected  to  a 
vacuum  tube  voltmeter.  Recently,  Dworsky 
[6]  has  applied  the  van  Dyke  method  to 
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investigate  contoured  blanks.  The  main 
disadvantage  of  these  methods  is  that  they 
are  not  readily  applicable  to  normal 
electroded  devices. 


Figure  1.  Schematic  Diagram  of  Electrical 
Probe  Method  [Ref  5] 


1.2.3  SEM  Methods 

In  an  SEM  (scanning  electron  microscope)  a 
focussed  electron  beam  is  rastered  across 
the  surface  being  investigated. 
Ordinarily,  the  specimen  is  coated  with  a 
thin  conductive  film  and  the  secondary 
electron  emission  corresponds  to  the 
topological  features  of  the  specimen 
surface.  When  used  to  probe  resonators, 
however,  it  is  the  charge  distribution  on 
the  surface  due  to  the  vibration  that  is 
imaged.  Thus  only  unelectroded  parts  of 
the  resonator  can  be  plotted.  The 
acceleration  potential  must  be  kept 
between  1  and  2  kV  in  order  to  prevent 
charge  build-up  on  the  surface  of  the 
quartz . 

Gerdes  and  Wagner  [7]  optimised  the 
conditions  for  imaging.  In  order  to  image 
both  inside  and  outside  the  resonator  they 
used  annular  electrodes,  and  wavy  patterns 
appeared  in  both  areas.  Initially,  it  was 
thought  that  the  patterns  inside  the 
annulus  were  due  to  thickness-shear 
vibrations.  However,  these  patterns  did 
not  correlate  with  X-ray  topographs. 
Subsequent  work  by  Bahadur  et  al.  [8,9] 
demonstrated  that  these  patterns  were 
probably  due  to  flexural  waves  spreading 
out  from  the  plated  area  and  setting  up 
standing  waves.  The  use  of  annular 
electrodes  had  significantly  reduced  the 
energy  trapping  of  the  thickness-shear 
waves.  The  SEM  method  is  therefore  best 
used  for  investigating  energy  trapping  and 
mode  conversion  with  any  resultant  plate 
modes . 

Thickness-shear  vibrations  can,  however, 
be  imaged  by  SEM  by  using  very  high 
magnifications,  of  about  2000.  The 
electron  images  of  a  vibrating  crystal 
show  an  apparent  smearing  effect  due  to 


the  in-plane  vibrations  of  thickness- 
shear.  With  a  few  well-defined  points  like 
topological  features  to  focus  on,  it  is 
possible  to  measure  both  the  magnitude 
and  direction  of  the  vibrations. 


1.2.4  Neutron  Diffraction  Topography 

For  completeness,  the  use  of  the  wave 
characteristics  of  slow  neutrons  to 
investigate  the  vibrations  in  resonators 
is  included  [10,11].  The  principle  is  much 
the  same  as  using  X-rays  in  that  the 
diffraction  intensity  is  increased  as  a 
result  of  crystal  vibrations  and  is  many 
times  greater  than  that  from  X-rays. 
However,  the  amplitude  of  vibrations 
required  is  very  high,  the  experimental 
conditions  are  complex  and  the  exposure 
time  is  very  long. 

1.3.1  Glow-Discharge  Method 

This  method  is  of  historical  interest  only 
and  is  described  in  Ref.  [12].  Giebe  and 
Scheibe  were  the  first  to  show  that 
luminous  effects  can  be  exhibited  around  a 
vibrating  piezoelectric  crystal .  As  in  the 
case  of  the  SEM  method,  surface  charges 
are  produced  under  the  ant inodes  of 
standing  waves.  If  the  device  is  in  an 
argon  atmosphere  of  about  10  torr  and  one 
of  the  driving  electrodes  is  about  0.5  mm 
away,  then  glows  appear  between  the 
crystal  and  this  electrode  when  it  is 
driven  at  resonance. 

1.3.2  Sauerbrey's  Method 

This  is  an  elegant  method  [13]  whereby  a 
focussed  light  beam  is  reflected  normally 
from  the  surface  of  a  vibrating  resonator 
whose  electrodes  are  given  a  reflective 
pattern  (figure  2).  As  a  result  of  the 
lateral  vibration  of  thickness-shear 


Figure  2.  Schematic  Diagram  of  Sauerbrey's 
Method  [Ref  13] 
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resonators,  the  focussed  beam  passes  over 
the  edge  of  the  pattern  and  hence  the 
reflected  beam  is  amplitude-modulated.  By 
plotting  this  modulation  against  position, 
a  map  of  the  vibration  can  be  obtained 
with  a  resolution  of  lA.  Figure  3  shows 
some  typical  results. 


such  as  that  resulting  from  the  vibration 
of  the  surface.  Hertl  et  al  [14]  detected 
the  movement  of  the  speckle  by  means  of  a 
photo-diode.  By  raster ing  the  laser  across 
the  resonator  surface  (figure  4)  a  plot  of 
the  in-plane  vibrational  distribution  can 
be  formed  to  a  resolution  of  1  nm. 


7  10  16  30  n  SO  140  B-* 


Figure  3.  Plots  from  Sauerbrey's  Method 
(Ref  13] 


1.3  ..4  Michelson  Interferometry 

Osterberg  [15]  used  a  modified  Michelson 
interferometer  to  observe  normal 
vibrations  of  crystal  resonators  (X-cut). 
Here,  one  of  the  mirrors  is  replaced  by 
the  quartz  crystal.  The  effect  of  the 
vibration  of  the  crystal  was  to  smear  the 
interference  patterns.  Disadvantages  of 
the  method  are  its  inability  to  measure 
in-plane  vibrations  and  the  need  for  an 
excellent  optical  finish  on  the  crystal 
surface . 


1.3.3  Laser  Speckle  Method 

In  principle  this  uses  the  same  idea  as 
Sauerbrey's  method  except  that  it  uses  the 
long  coherence  length  of  modern  lasers.  If 
a  laser  beam  such  as  that  from  a  HeNe 
laser  is  reflected  from  a  surface  which 
has  a  surface  roughness  greater  than  the 
wavelength,  the  resultant  wavefront 
consists  of  a  speckle  pattern.  This  is 
caused  by  the  differing  path  lengths  from 
the  rough  surface  interfering  with  one 
another.  This  speckle  pattern  is  very 
sensitive  to  changes  of  the  path  length 


Figure  4.  Schematic  Diagram  of  Laser 
Speckle  Method  [Ref  14] 


1.3, 5 Multiple  -Beam  interferometry 

In  multiple  beam  interferometry,  the 
interference  fringes  are  formed  by  many 
passes  of  the  light  through  the 
interferometer.  Advantages  of  this  method 
are  that  the  sharpness  (finesse)  of  the 
fringes  can  be  enhanced  by  using 
appropriate  end-mirror  reflection,  and  the 
path  length  is  increased  by  the  multiple 
passes.  Tolansky  [16]  made  the  crystal 
itself  the  interferometer  and,  as  in  the 
case  of  the  Michelson  interferometer,  the 
resultant  fringes  are  smeared  due  to  the 
vibrations.  Also,  the  method  is  only 
capable  of  measuring  normal  vibration. 

1.3.6  Michelson/Mach-Zehnder  Interferometry 

This  method  as  originally  developed  by  a 
team  from  Yokohama  National  University, 
used  a  HeNe  laser  as  the  light  source 
[17,18].  Recently  [19]  they  have  extended 
it  by  the  use  of  an  optical  fibre.  In  the 
Michelson  configuration,  it  can  measure 
the  normal  vibration  of  a  resonator  as  in 
the  Osterberg  method  and  in  the  Mach- 
Zehnder  configuration  it  can  measure  in¬ 
plane  vibrations.  The  modified  method 
differs  from  the  earlier  method  in  that  a 
low  frequency  plus  DC  optical  path  length 
modulation  is  placed  on  the  reference  arm 
of  the  interferometer.  This  adds  a  phase 
modulation  to  that  signal  when  it  is 
remixed  with  the  light  reflected  from  the 
crystal,  which  is  itself  phase-modulated 
at  the  crystal  resonator  frequency.  By 
ratioing  the  amplitudes  of  these  two 
components  of  the  signal  received  by  the 
photodetector,  the  amplitudes  of  the  two 
beams  cancel  out,  leaving  the  magnitude  of 
the  crystal  vibration  with  respect  to  the 
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known  low  frequency  modulation.  Figure  5 
shows  the  arrangement  for  measuring  the 
in-plane  displacements  of  a  crystal 
resonator.  For  this  to  work,  it  is 
necessary  for  the  resonator  to  have  a 
diffuse  surface  to  scatter  the  light  into 
the  detector.  The  fibre  optic  version  is 
claimed  to  be  able  to  measure 
displacements  in  all  three  directions  to 
O.lX  with  a  spot  size  of  10  ,um  up  to  150 
MH2. 


Figure  5.  Schematic  Diagram  of  Mach- 
Zehnder  Interferometer  Method  [Ref  17] 


1.3.7  Holographic  Method 

Tsuzuki  et  al.  [20]  managed  to  create 
holograms  of  flexural  and  extensional-mode 
resonators  onto  a  photographic  plate.  The 
reference  beam  from  the  laser  is  made 
incident  on  the  photographic  plate  by 
specular  reflection  from  a  mirror.  The 
surface  of  the  crystal  resonator  is  made 
diffuse  so  that  the  laser  beam  incident  on 
it  reaches  the  photographic  plate  by 
scattering.  The  two  beams  interfere  to 
make  the  hologram  which  is  a  space- 
modulated  optical  grating.  The  hologram  is 
reconstructed  by  placing  the  hologram 
where  the  plate  was  and  illuminating  it  by 
the  reference  light  in  the  absence  of  the 
resonator.  Apart  from  the  difficulty  of 
interpreting  the  resultant  pattern,  the 
method  also  needs  amplitude  displacements 
of  several  wavelengths  in  order  to  work. 

1.3.8  X-Ray  Topography 

This  method  has  been  used  more  than  any 
other.  It  was  originated  by  Lang  for  the 
study  of  silicon  and  germanium.  The  method 
is  illustrated  in  figure  6.  An  X-ray  beam 
is  first  collimated  by  two  sets  of  slits, 
one  near  the  X-ray  tube  and  the  other 
about  a  metre  away.  The  collimated  ribbon 
of  X-rays  is  diffracted  from  the  planes  of 
the  crystal  and  allowed  to  pass  through  a 
beam  stop  onto  an  X-ray  sensitive  film. 


COLLIMATED 

I  RLt  beam 


Figure  6.  Schematic  Diagram  of  X-ray 
Topographic  Method  [Ref  22] 


The  crystal  and  film  are  locked  together 
at  the  Bragg  angle  and  translated  to 
obtain  a  photographic  record  of  the 
diffracted  intensity  over  a  large  area  of 
the  plate.  For  a  perfect  crystal,  the 
lattice  planes  are  perfectly  parallel  and 
light  satisfying  the  Bragg  condition,  and 
being  diffracted  from  one  plane,  is 
diffracted  back  by  the  next  plane. 
However,  strained  regions  around  defects 
diffract  a  much  higher  percentage  of  the 
incident  X-ray  beam  than  the  perfect 
portion  of  the  crystal. 

The  intensity  of  the  diffracted  X-ray  is 
also  very  sensitive  to  acoustic 
displacements  so  that  vibrations  can  also 
be  observed.  Fox  and  Carr  [21]  were  the 
first  to  observe  the  change  in  intensity 
of  X-rays  diffracted  from  vibrating  quartz 
plates.  Spencer  [22,23]  took  up  the 
technique  and  produced  some  of  the  most 
well  known  pictures  (figure  7). 

The  topographs  produced  by  the  above 
method  are  time-integrated.  Recently, 
Zarka  et  al  [24,25,26]  have  enhanced  the 
sensitivity  of  the  method  by  using 
synchrotron  radiation  from  a  storage  ring. 
Time-resolved  pictures  of  vibrating 
resonators  have  been  obtained  by 
synchronising  the  X-ray  pulses  with  the 
vibrations  of  the  resonators. 

One  other  X-ray  method,  the  Source  Image 
Distortion  (SID)  method  of  Wagner  and 
Young  [27],  is  also  worth  mentioning.  In 
this  method  the  line  X-ray  source  is  in 
front  of  Soller  slits.  These  consist  of 
150  mm  long  sheets,  0.315  mm  apart,  and 
help  to  remove  non-parallel  components 
from  the  X-ray  beam.  Thus  each  slit  forms 
a  separate  virtual  source  of  parallel  X- 
rays  which  are  diffracted  from  the 
crystal.  The  resultant  diffracted  image  of 
the  whole  perfect  crystal  will  consist  of 
parallel  lines,  which  become  distorted  and 
intensified  as  a  result  of  strain  in  the 
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Figure  7.  X-ray  Topographs  of  an  AT-cut 
resonator  [ref  22] 


lattice.  Thickness-shear  vibrations  show 
up  as  bright  areas.  The  method  has  the 
advantage  that  scanning  techniques  are  not 
required  and  the  exposure  time  is  less 
than  for  traditional  topography. 


Some  of  the  above  methods  are  described  in 
a  review  article  by  Bahadur  and  Parshad 
[28].  In  terms  of  the  present  discussion, 
only  a  few  can  measure  the  in-plane 
vibration  of  a  thickness-shear  resonator. 
There  is  no  ideal  method  yet  devised,  they 
all  impose  constraints  on  the  type  of 
device.  In  the  case  of  the  electrical 
probe  method,  for  instance,  the  device  has 
to  be  unelectroded.  Sauerbrey's  method 
requires  a  grid  drawn  over  the  surface  of 
the  resonator.  The  recent  laser  methods 
using  either  speckle  or  interferometry 
require  a  rough  surface.  Finally  the  X- 
topographic  methods  are  constrained  in  the 
thickness  of  the  quartz  and  hence  the 
frequency  of  operation. 


The  laser  probe  method  [29]  is  applicable 
to  thickness-shear  modes  at  high 
frequencies  and  can  be  likened  to  the 
classical  toothpick  method.  There  the 
toothpick  is  gently  tracked  across  the 
surface  of  the  resonator  whilst  the 
electrical  response  of  the  crystal  is 
monitored.  A  mixture  of  dampening  and 
loading  by  the  toothpick  alters  the 
crystal  in  both  the  frequency  and 


amplitude  domains.  Great  skill  is  needed 
to  use  this  method  since  the  likelihood  of 
breaking  the  crystal  is  high.  In  the  laser 
probe  method  the  laser  beam  replaces  the 
toothpick  and  the  effect  is  only  to 
modulate  the  crystal  frequency.  It  is 
proposed  that  the  mechanism  for  this 
modulation  is  the  force-frequency  effect 
whereby  the  light-induced  heat  pulse 
creates  a  localised  compression  in  the 
quartz  due  to  thermal  expansion. 


The  laser  used  for  the  current  work  was  a 
Questek  2040  excimer  laser.  In  operation, 
excited  dimers  are  formed  between  a  noble 
gas  and  a  halogen  such  as  argon  fluoride 
which  emits  at  193  nm.  The  output  energy 
of  the  laser  can  be  varied  between  20  and 
200  raJ  per  15  ns  pulse  with  a  repetition 
rate  up  to  100  Hz.  The  output  beam  is 
about  10  by  20  mm  2  so  that  the  fluence  is 
between  10  and  100  mJ/cm2.  The  large  beam 
size  enables  a  very  simple  means  of  beam 
placement  to  be  used,  as  shown  in  figure 
8.  A  computer-controlled  X-Y  table  moves  a 
brass  foil  containing  a  number  of 
apertures,  thus  enabling  different  areas 
to  be  irradiated  but  with  the  same 
fluence.  In  front  of  the  foil  is  a  beam 
expander  which  has  a  twofold  purpose:  it 
reduces  the  fluence  available  from  the 
laser  and  evens  out  the  intensity 
distribution  across  the  beam.  After  the 
foil  a  simple  lens  system  is  positioned  at 
twice  the  focal  length  from  both  the  foil 
and  the  crystal .  This  forms  an  inverted 
image  (magnitude  -1)  of  the  foil  and 
reduces  the  diffraction  effects  from  the 
apertures. 
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Layout  for  Laser  Method 
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The  layout  of  the  crystal  measurement 
equipment  is  shown  in  figure  9.  The  signal 
generator  used  was  a  Rohde  and  Schwarz  SMG 
since  it  has  extensive  modulation 
capabilities.  The  vector  voltmeter  was  the 
HP  8405A  and  was  used  to  find  the 
resonance.  Unique  to  what  was  in  essence  a 
modified  IEC  444  crystal  measurement 
circuit  was  the  quadrature  hybrid  from 
Anzac  (JH  131).  This  power  splits  with  a 
ninety  degree  phase  shift  within  a  few 
degrees  over  the  range  20  MHz  to  200  MHz. 
This  considerably  simplified  the  circuit 
since  line  stretchers  were  not  required 
when  the  frequency  was  changed.  The 
crystal  was  measured  in  a  100  ohm  circuit 
made  from  SMA  coaxial  attenuators.  This  is 
not  ideal  from  the  point  of  view  of 
sensitivity,  since  it  substantially 
increases  the  loaded  Q  of  typical 
resonators.  However,  it  made  for  a  much 
simpler  jig.  Two  identical  amplifiers  from 
Minicircuits  ( ZFL500LN )  were  used  to  bring 
the  signal  levels  up  to  about  7  dBm  to 
maximise  the  sensitivity  of  the  HP  10514 
double-balanced  mixer  used  for  phase 
detection.  The  output  of  the  mixer  was 
low-pass  filtered  to  remove  the  sum 
component  and  then  measured  using  a 

Stanford  Research  SR510  lock-in  amplifier. 
This  was  also  fed  from  the  same  signal 
source  that  was  used  to  trigger  the  laser 
(the  AF  output  of  the  SMG).  The  lock-in 
amplifier  is  in  essence  a  narrow  band 
detector  so  that  the  wanted  signal  can  be 
measured  buried  in  noise.  The  phase  output 
from  the  vector  voltmeter  can  be  used 
instead  of  the  mixer,  in  which  case  both 
the  quadrature  hybrid  and  the  amplifiers 
are  unnecessary.  However,  the  rise  time  of 
the  phase  modulation  will  be  slugged. 
Furthermore,  that  output  is  noisier  due  to 
supply  interference  as  well  as  the  20  kHz 
IF  remnants.  Nonetheless,  that  output  has 
been  successfully  used  for  plotting. 


2.3  Method 

For  plotting  the  vibrational  distribution 
of  a  quartz  resonator,  the  laser  beam  was 
rastered  across  the  electrode  of  the 
crystal  whilst  it  was  sitting  on 
resonance.  The  laser  spot  sizes  used  were 
0.15  mm  and  0.3  mm,  depending  on  the  size 
of  the  resonator  electrode  and  the  degree 
of  detail  required.  The  laser  fluence  used 
was  about  3  mJ/cm2  since  this  gave 
adequate  response  without  damage  to  the 
electrode.  Repetition  rates  used  were 
typically  40  Hz  since  this  was  a 
compromise  between  avoiding  both  1/f  noise 
and  supply  interference  whilst  maintaining 
reasonable  gas  lifetimes  for  the  laser. 


filter  into  the  DC  FM  input  of  the  signal 
generator.  However,  since  a  synthesised 
source  was  used  and  the  ambient  was  well 
controlled,  this  proved  unnecessary.  The 
rastering  and  voltage  measurement  were 
under  the  control  of  a  computer  using  the 
IEEE  interface.  It  proved  necessary  to 
take  an  average  of  several  measurements 
at  each  point  since  the  pulse  to  pulse 
variation  of  the  laser  energy  was  at  least 
20%.  The  data  were  then  used  to  generate 
contours  which  were  drawn  on  the  screen  of' 
the  computer. 


This  method  has  been  used  to  plot  the 
vibrational  distribution  of  both  overtones 
and  inharmonics.  Figure  10  gives  a 
sequence  of  plots  of  a  50  MHz  fundamental 
and  its  overtones  up  to  the  11th  at  550 
MHz,  illustrating  that  the  method  is  very 
sensitive.  The  circle  in  the  background 
corresponds  to  the  position  of  the  1  mm 
electrodes  and  the  dots  are  the 
measurement  positions.  In  this  case,  a  0.3 
mm  laser  spot  was  used  with  no  overlap  of 
the  spots.  Despite  the  large  spot  used, 
the  main  characteristics  of  this  resonator 


450  MHt 


Figure  10.  Plots  of  50  MHz  Fundamental  and 
Overtones 


To  avoid  any  drift  in  the  crystal 
frequency  whilst  plotting,  the  output  from 
the  mixer  can  be  fed  via  a  very-low-pass 


430 


can  be  seen.  There  is  a  wedge  in  the 
quartz  towards  the  top-left-hand  corner, 
the  effect  of  which  gets  more  pronounced 
with  higher  overtones. 

Figure  11  gives  a  sequence  of  a  64.3  MHz 
fundamental  with  some  of  its  inharmonics . 
In  this  case,  the  laser  spot  diameter  was 
0.15  mm  so  that  greater  detail  is 
revealed.  Resolution  is  limited  by  the 
spot  size  and  lateral  thermal  diffusion, 
both  of  which  will  smooth  out  detail.  This 
will  affect  the  plots  of  the  inharmonics 
most  where  the  nodal  lines  are  suppressed. 
However,  the  general  shape  is  still 
evident.  The  crystal  used  was  of  the 
standard  key-hole  design  with  the  tabs 
positioned  on  both  sides  of  the  electrode 
(the  circle).  It  can  be  seen  how  the 
vibrational  distribution  extends  down  the 
tabs  for  the  higher  inharmonics. 


04.567  MHz  64.778  MHz 

Figure  11.  Plots  of  64  MHz  Fundamental  and 
Inharmonics 

2.5  Mechanism 

In  order  to  elucidate  the  mechanism 
responsible  for  the  observed  phase  shifts 
used  for  the  plotting  process,  the  time 
constants  and  the  magnitudes  of  the  phase 
shifts  have  been  investigated.  It  is 
assumed  that  a  fraction  of  the  laser 
energy  from  each  15  ns  pulse  is  absorbed 
by  the  electrode  and  converted  into  heat 
which  then  diffuses  into  the  quartz.  It  is 
also  assumed  that  for  beam  sizes  large 
compared  with  the  thickness  of  the  quartz, 
lateral  diffusion  may  be  ignored 
initially. 

2.5.1  Time  Domain 

The  output  of  the  mixer  from  a  50  MHz 
fundamental  crystal  irradiated  by  a  single 
laser  pulse  is  given  in  figures  12  and  13. 


1C 

IV 

2 

D/us 

u 

f00 

l 

/ 

r 

« 

0 

% 

Figure  12.  Rising  Edge  of  Laser  Induced 
Frequency  Modulation 


Figure  13.  Falling  Edge  of  Laser  Induced 
Frequency  Modulation 


This  shows  that  the  rise  time  of  the  phase 
shift  is  exponential  and  is  about  three 
orders  of  magnitude  faster  than  the  fall 
time.  Figure  14  plots  this  rise  time 
(measured  assuming  an  exponential  form) 
for  a  number  of  crystals  between  50  MHz 
and  114  MHz,  and  shows  that  it  is 
proportional  to  l/f2.  This  relationship 
suggests  that  the  phase  pulse  may  be  the 
result  of  a  laser-induced  heat  pulse 
through  the  thickness  of  the  quartz . 
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Figure  15.  Plot  of  Heat  Transfer  into 
Substrate 


A  mathematical  model  of  a  short  heat 
pulse  on  one  side  of  a  thin  substrate  is 
given  by  Danielson  and  Sidles  [30].  This 
includes  the  optical  absorption  depth  of 
the  substrate.  In  the  present  case,  the 
absorption  in  the  quartz  surrounding  the 
electrode  is  small.  For  the  metallic 
electrode,  however,  the  absorption  depth 
is  typically  less  than  100  A.  This  is  much 
less  than  the  thickness  of  electroding  of 
a  crystal  so  that  the  heat  from  the  light 
will  be  generated  in  the  electrode  and  no 
light  will  penetrate  into  the  quartz.  This 
simplifies  the  heat  equation  for  a  short 
laser  pulse  on  one  side  (x  =  0)  of  a 
substrate  of  thickness  1  to 


TtXjtJ/T^  =  1+2  s  cos(n*x/l)*exp(-nar)  1 
n=l 

where  T^  Q/pd  is  the  uniform  temperature 
after  a  long  time,  Q  is  the  absorbed 
fluence,  p  is  the  density  of  the  substrate 
and  c  is  its  specific  heat.  r=*aDt/la  is  a 
dimensionless  time  with  D  the  thermal 
d;  fusivity.  This  is  presented  graphically 
in  figure  15. 


For  a  quartz  crystal  resonator  vibrating 
in  thickness-shear,  its  frequency  is  given 
by 


f=  C/I 


2 


where  C  is  the  appropriate  frequency 
constant  for  the  cut  of  quartz.  Thus  the 
dimensionless  time  becomes 


r  =  waDtf a/Ca  3 

or  t  =  (rC2/**D).l/f2  4 

Thus  the  actual  time  is  proportional  to 
this  dimensionless  time  and  l/fa.  For  AT 
quartz ,  D  =4.3  mma/s  in  the  thickness 

direction  and  C  =  1660  kHz. mm.  Taking  t  to 
be  the  rise  time  of  the  phase  pulse  for  a 
crystal  at  frequency  f,  we  get  r  =  1.3. 

From  figure  15  this  corresponds  to  the 
time  for  the  back  face  of  the  crystal  to 
have  reached  half  its  final  temperature, 

thus  confirming  that  heat  transport  is  the 
mechanism. 


2.5.2  Amplitude  Domain 

It  is  concluded  that  the  time  response  of 
the  phase  pulse  is  governed  by  the  thermal 
diffusion  time  of  the  laser-induced  heat 
pulse.  It  is  now  proposed  that  the 
mechanism  responsible  for  the  frequency 
modulation  is  the  force  frequency  effect, 
with  the  force  supplied  by  the  thermal 
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expansion  of  the  quartz.  This  is  given  by 
[31,32] 

df/f=  Kt^  5 

where  K  is  a  constant  called  the  stress 
coefficient  for  a  given  crystallographic 
orientation  and  t  is  the  lateral  stress 
across  the  whole  resonator.  For  AT  and 
BT-cuts,  K  is  -2.75*10  11  and  2.65*10  11 
m2/N,  respectively.  Thus  these  two  cuts 
are  expected  to  show  opposite  phase 
shifts.  This  change  of  sign  has  been 
demonstrated. 

We  can  test  this  hypothesis  further  by 
comparing  the  measured  frequency  shift  for 
a  crystal  with  theory.  The  maximum 
frequency  deviation  occurs  once  the  heat 
pulse  has  equilibrated  through  the 
thickness  of  the  crystal  but  before 
lateral  diffusion  becomes  significant.  At 
this  point  the  temperature  increase  of  the 
quartz  is  T^.  The  resulting  thermally 
induced  lateral  stress  will  be 

=  cCT„  6 

where  a  is  the  lateral  expansion 
coefficient  and  C  is  the  lateral  elastic 
constant.  This  gives 

df/f  =  K  aCQ/pd  7 

For  a  64  MHz  crystal  with  aluminium 
electrodes  irradiated  by  3.4  mJ,  and 
assuming  an  absorption  at  193  nm  to  be 
about  0.3,  this  should  give  a  frequency 
shift  of  6.6  ppm.  To  measure  this,  it  is 
necessary  to  calculate  the  mixer 
conversion  factor  and  the  Q  of  the 
crystal.  This  can  conveniently  be  achieved 
by  applying  a  known  frequency  modulation 
and  measuring  the  output  from  the  mixer. 
This  gave  a  measured  frequency  shift  of 
10.4  ppm,  which, in  view  of  the  assumptions 
made,  is  remarkably  close  to  the 
theoretical  value. 

. 3  vibrational  Distribution 

It  is  important  to  remember  that  equation 
(7)  holds  only  for  a  uniform  stress,  that 
is  where  the  laser  beam  covers  the  whole 
resonator  area.  To  use  this  mechanism  to 
plot  the  vibrational  distribution,  it  is 
necessary  to  show  that  the  phase  and  hence 
frequency  deviation  resulting  from  a  laser 
pulse  at  a  particular  point  are 
proportional  to  the  thickness-shear 
amplitude  at  that  point.  A  similar  problem 
is  that  of  proving  that  the  mass 
sensitivity  of  such  a  resonator  is 
proportional  to  the  amplitude  of 
vibration.  This  is  a  proof  that  is  often 
evaded  in  books  on  microbalances  [33].  A 
solution  to  both  problems  lies  in  the 
variational  method  used  in  quantum 


mechanics  [34]  but  first  applied  by  Lord 
Rayleigh  in  1873  [35]. 

Consider  that  the  resonator  is  composed  of 
n  unit  volumes  k  =  l...n.  Rayleigh's 

Principle  states  that  the  frequency  of 
resonance  of  a  freely  vibrating  system  is 
found  by  equating  the  time-averaged 
potential  energy  V  of  the  system  with  the 
time-averaged  kinetic  energy  T: 

<V>  =  <T>  8 

The  potential  energy  for  the  kth  unit 
volume  is  given  by: 

V*  =  V*  Cx.Sx2  9 

where  Cx  is  the  appropriate  elastic 
modulus  and  Sx  the  strain. 


But  Sx  =  Uk  sin  ut  for  a  unit  volume; 


so  V 

=  Ex 

Vx  = 

> 

Ex 

Ux2.Cx.sin2 

ut  10 

and 

<V>  = 

V* 

Ex 

Uk2.Ck 

11 

Similarly 

Tx  = 

v» 

P  ( 

ux)2 

12 

where 

Ux  = 

Ux. 

sin 

wt 

13 

and 

T 

=  v= 

2 

P<JL> 

Ex 

(Ux)2.COS2  ut 

14 

and 

<T>= 

V* 

2 

pu> 

Ex  (Ux)2 

15 

Equating  the  two  energies  and  rearranging: 

u>2  =  £*  (Uk )  2  .  Ck  16 

p  Ex  (Uk) 

As  described  above, the  effect  of  the  laser 
beam  is  to  alter  the  elastic  constant  of 
the  quartz  within  the  area  of  the  beam. 
Suppose  therefore  that  one  element  (j)  has 
C j  changed  to  C}  +  dC 

=  S*  Ck.(Uk)2  ±  3Ca(U^)2  17 

p  Ex  (Uk) 

and  2a  =  ac-i(Ui)  18 

w  2u  pEx(Ux)2 

In  integral  form  this  becomes: 


=  1 ,  J  C'tlki  Ujl.k  U-i.i  dv  19 
U  2 up  v  r  (Ui)  dv 

■v 

where  C'ljxi  is  the  increment  of  the 
effective  elastic  coefficient  under 
stress . 

It  is  clear  that  for  a  change  in  elastic 
constant  at  a  particular  location,  the 
frequency  change  is  proportional  to  the 
square  of  the  vibrational  distribution  at 
that  location.  In  other  words  the 
frequency  shift  is  proportional  to  the 
intensity  of  the  standing  wave  at  the 
point  of  laser  irradiation. 

A  similar  line  of  reasoning,  but  invoking 
kinetic  energy,  can  be  used  to  explain  the 
mass  sensitivity  of  a  thickness-shear 
resonator. 
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The  force-frequency  effect  for  quartz  is 
caused  by  elastic  nonlinearities  (third- 
order  elastic  constants).  The  direction  of 
the  force  is  important  because  of  the 
anisotropy  of  quartz.  The  coefficient 
described  above  is  the  stress  coefficient. 
The  force-frequency  coefficient,  however, 
is  defined  by: 


K,(*) 


31  2hD  1 
f  F  N 


where  af/f  is  the  fractional  change  in 
resonant  frequency  due  to  the  application 
of  a  pair  of  in-plane  forces  F  at  the  edge 
at  an  azimuthal  angle  of  *  to  the  rotated 
X-axis.  N  is  the  frequency  constant  and  2h 
and  D  are  the  thickness  and  diameter  of 
the  plate  resonator,  respectively.  For  the 
BT-cut,  this  coefficient  varies  slightly 
with  angle;  however,  for  many  of  the  other 
cuts  [36]  including  the  AT-cut  (figure 
16),  the  coefficient  goes  through  zero  and 
hence  changes  sign  in  some  directions. 
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This  anisotropy  revealed  itself  when 
plotting  AT-cut  resonators.  It  was 
observed  that  in  some  areas  of  the 
resonator,  always  near  the  edge  and  often 
in  two  places  nearly  opposite  one  another, 
the  phase  pulse  changed  sign.  This 
happened  when  the  maximum  of  the  slope  of 
the  amplitude  was  about  ±90°  to  the  X- 
axis.  Since  the  laser  spot  in  the  present 
investigation  had  a  size  only  about  an 
eighth  of  the  resonator  diameter,  there 
could  be  an  appreciable  difference  in 
amplitude  across  the  spot  on  the  slope  of 
the  amplitude  distribution.  The  change  in 
the  elastic  coefficient  shown  in  equation 
(18)  is  proportional  to  the  force- 
frequency  coefficient  in  the  direction  of 
the  force.  The  effect  of  the  laser  spot 
is  to  cause  the  quartz  under  that  spot  to 
expand  and,  because  it  is  constrained  by 
the  surrounding  quartz,  it  goes  into 
compression.  From  equation  (7),  this 
compressive  force  is  proportional  to  the 
product  of  the  in-plane  expansion 
coefficient  with  the  elastic  coefficient. 
For  AT-cut  crystals  this  is  about  1 
N/mV’C  irrespective  of  azimuth  angle  *. 
It  follows,  therefore,  that  the  resulting 
frequency  change  is  proportional  to  the 
intensity  of  the  vibration  times  the 
angular  value  of  the  force  frequency 
effect  K' (*) ,  integrated  around  the 
perimeter  of  the  laser  spot: 

df/f  a  f  U* ( Xo ,yo , r ,*) *K' (*)d*  21 

This  is  illustrated  geometrically  in 
figure  17  which  shows  a  side  and  plan  view 
of  a  resonator  with  the  vibrational 
distribution  and  a  laser  spot.  An  expanded 
view  of  the  spot  shows  polar  diagrams  of 
both  the  force-frequency  coefficient  K'(*) 
and  the  vibrational  intensity.  Finally, 
the  resultant  contour  map  across  the  area 
of  the  resonator  is  illustrated,  showing 
the  distortion  of  the  map  towards  the  edge 
of  the  vibrating  area  with  a  reversing  of 
sign  in  the  direction  of  the  Z'  axis  as 
observed.  This  reversing  of  sign  was 
noticed  by  Oura  et  al.  [37]  without  any 
explanation . 

This  anisotropy  can  be  diminished  but  not 
eliminated  by  reducing  the  beam  diameter. 
Apart  from  signal-to-noise  considerations, 
the  lateral  diffusion  through  the 
electrode  will  extend  the  area  of  quartz 
perturbed.  The  thermal  diffusivity  of 
aluminium  is  81  mm2/s  and  the  ratio  of  the 
thermal  diffusion  lengths  in  the  electrode 
and  the  quartz  is  given  by 
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Figure  16.  Force  Frequency  Effect  for  AT 
Quartz 
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As  mentioned  above,  no  method  is  ideal  for 
plotting  the  vibrational  distribution  of  a 
crystal.  The  limitation  of  the  present 
method  is  that  it  relies  on  the  azimuth- 
averaged  value  of  the  force-frequency 
coefficient  being  non-zero.  This  is 
clearly  not  the  case  with  SC-cut 
resonators.  However,  this  disadvantage  can 
be  turned  into  an  advantage  by  making  use 
of  the  method  to  investigate  the  force- 
frequency  effect  with  both  crystal 
orientation  and  vibrational  distribution 
[38].  Another  use  envisaged  for  this 
method  is  the  investigation  of  activity 
dips  when  plate  modes  couple  into  the 
thickness-shear  resonance.  Wilson  [39] 
showed  that  X-ray  topography  imaged  the 
resultant  changes  to  the  mode  shape.  The 
current  method  should  be  as  sensitive. 

The  basic  principle  of  the  method  is 
applicable  to  any  device  whose  operating 
parameter  has  a  temperature  coefficient. 
For  example,  the  distribution  of  current 
density  in  a  circuit  or  IC  could  be 
plotted  by  monitoring  the  modulation  in 
the  current  through  it  at  the  modulation 
frequency.  The  sensitivity  of  the  method 
is  obtained  by  the  use  of  a  lock-in 
amplifier  or  wave  analyser  to  measure  this 
modulation  in  noise. 


Figure  17.  Effect  of  Anisotropy  on  Contour 
Map 

Therefore,  if  the  laser  spot  diameter  is 
similar  to  the  quartz  thickness  the 
lateral  diffusion  will  dominate.  The 
result  of  the  anisotropy  in  the  force- 
frequency  effects  for  some  cuts  is  a 
differing  sensitivity  along  the  two  axes. 
For  instance  a  circular  vibrational 
distribution  will  appear  elliptical.  In 
principle  this  can  be  taken  into  account 
when  forming  the  contours  if  the 
orientation  is  known.  Alternatively,  this 
property  can  be  used  to  measure  the 
orientation  of  the  device. 

2.6  cone lug ions 

The  method  described  here  is  capable  of 
plotting  the  vibrational  distribution  of 
fundamental  thickness-shear  resonators, 
their  overtones  and  their  inharmonics.  It 
uses  a  pulsed  mode  laser  to  probe  the 
surface  of  the  resonator  in  a  raster 
pattern,  thus  building  up  a  contour  map  of 
the  distribution.  The  parameter  measured 
is  the  magnitude  of  the  induced  phase 
modulation  as  the  crystal  is  momentarily 
knocked  off  frequency.  It  is  proposed  that 
this  perturbation  is  caused  by  thermally- 
induced  compressive  stress  through  the 
thickness  of  the  quartz  under  the  laser 
beam.  Because  of  the  elastic 
nonlinearities  in  quartz  this  gives  rise 
to  a  frequency  shift. 
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Abstract 

Novel,  multi-electroded  resonators  are  described 
which  allow  flexible  control  of  acceleration  sensitivity 
using  simple  external  circuit  techniques.  By  varying  the 
relative  excitations  of  the  electrodes,  the  mode  shape,  and 
hence  the  acceleration  sensitivity  of  the  resonator,  can  be 
altered.  These  "Gamma  tuning"  adjustments  are  external 
to  the  resonator;  hence,  they  do  not  require  the 
introduction  of  new  resonator  manufacturing  processes  or 
the  modification  of  existing  ones. 

Experimental  efforts  to  date  have  shown  that 
individual  components  of  the  G-sensitivity  vector  can  be 
nulled,  and  the  magnitude  of  the  vector  can  be 
minimized.  G  sensitivities  as  low  as  1.5  x  10 10/G  and 
reductions  by  a  factor  of  5  have  been  obtained.  A 
qualitative  theory  is  presented. 

Introduction 

Currently,  there  is  an  urgent  need  for  crystal 
oscillators  and  crystal  resonators  having  low  acceleration 
sensitivity  [1].  For  accelerations  which  are  not  too 
large,  the  frequency  change  is  the  scalar  (dot)  product  of 
two  spatial  vector  quantities,  the  acceleration  sensitivity 
of  the  resonator,  T,  and  the  acceleration  [1].  The 
acceleration  sensitivity  depends  upon  two  factors  -  the 
deformation  produced  by  the  acceleration  and  the  mode 
shape.  While  the  mathematical  analysis  is  extremely 
complex,  the  basic  idea  is  simple  [2].  At  each  point  in 
the  resonator,  acceleration-induced  deformation  alters  the 
effective  elastic  stiffness  of  the  resonator,  thereby 
incrementally  affecting  the  resonance  frequency  of  each 
mode  of  vibration  by  an  amount  that  depends  upon  the 
mode  amplitude  and  sign  and  upon  the  amplitude  and 
sign  of  the  deformation  at  that  point.1  The  total  effect  on 
the  resonance  frequency  of  a  particular  mode  is  just  the 
algebraic  sum  of  the  incremental  effects  taken  over  the 
entire  volume  of  the  resonator.2  For  regions  of  the 
resonator  where  the  amplitude  of  vibration  is  small,  the 
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incremental  effect  is  small.  Similarly,  where  the 
deformation  is  relatively  small  the  effect  will  be  relatively 
small.  An  extremely  important  aspect  of  the  summation 
is  that  a  high  degree  of  cancellation  takes  place;  that  is, 
the  sum  of  the  positive  increments  is  very  nearly  equal  to 
the  sum  of  the  negative  increments  [2,3,4]. 
Consequently,  quite  small  changes  in  either  the  mode 
shape  or  the  deformation  result  in  large  changes  in  r. 

In  a  conventional  thickness-mode  quartz  crystal 
unit,  the  resonator  plate  is  supported  at  two  or  more 
points  on  its  periphery  by  metal  ribbons  or  clips,  which 
in  turn  are  fastened  to  a  header  or  base.  Under 
acceleration,  the  body  forces  on  the  blank  are  balanced 
by  reaction  forces  of  the  support  structure.  Thus  the 
support  structure  determines  the  acceleration-induced 
deformation  of  the  blank.  The  mode  shape  of  the 
resonator  is  determined  by  an  energy-trapping 
mechanism.  For  a  plano-plano  resonator,  the  primary 
controls  are  the  lateral  dimensions  of  the  electrodes, 
including  the  tabs,  the  electrode  mass  loading,  and  the 
piezoelectric  loading.  However,  the  mode  shape,  and 
hence  the  acceleration  sensitivity,  will  also  unavoidably 
be  affected  by  point-to-point  variations  in  the  thickness 
of  the  blank  (i.e.,  non-parallelism)  or  even  of  the 
electrode,  as  well  as  by  material  defects  such  as 
inclusions  and  etch  channels.  For  contoured  resonators, 
mode  shape  is  primarily  controlled  by  contour,  but  will 
also  be  affected  to  some  degree  by  the  electrodes  and  by 
material  defects. 


1  Although,  in  the  interest  of  simplicity,  we  speak  of  the 
mode  amplitude  as  if  it  were  a  single  quantity,  it  should 
be  recognized  that  the  mode  of  vibration  employed  may 
have  more  than  one  component,  each  of  which  may 
contribute  to  the  total  acceleration  sensitivir.  milarly, 
the  acceleration-induced  deformation  will,  m  general, 
have  more  than  one  component. 

2  It  follows  that  the  acceleration  sensitivities  of  different 
modes  of  the  same  resonator  are,  in  general,  different 
from  one  another. 
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Because  of  fabrication  limitations,  variations 
from  resonator  to  resonator  in  support  geometry,  in 
electrode  dimensions,  and  in  blank  contour  are 
unavoidable.  Because  the  resonator  acceleration 
sensitivity  is  the  difference  of  two  nearly  equal  quantities, 
small  changes  in  the  resonator,  representing  normal 
manufacturing  tolerances,  can  cause  large  changes  in 
resonator  acceleration  sensitivity.  This  is  borne  out  by 
experience  [1]. 

Consequently,  it  is  desirable  to  have  a  means  of 
adjusting,  or  trimming,  the  acceleration  sensitivity  in 
order  to  minimize  its  magnitude  or  the  magnitude  of  one 
or  more  of  its  vector  components.  In  principle,  this  may 
be  accomplished  by  altering  either  the  mode  shape  or  the 
acceleration  induced  deformation.  The  latter  might  be 
accomplished,  say,  by  modifying  the  mounting  structure. 
One  method  by  which  the  mode  shape  may  be  altered  is 
to  add  or  remove  mass  from  selected  regions  of  the  blank 
[5,6,7], 


It  is  the  purpose  of  this  papier  to  describe 
resonators  for  which  the  mode  shapie  at  resonance  may 
be  modified  by  circuit  techniques  in  order  to  minimize  or 
otherwise  control  the  acceleration  sensitivity.  An 
advantage  of  this  approach  over  those  which  depend 
upon  the  addition  or  removal  of  mass  or  upxan  the 
alteration  or  adjustment  of  the  mounting  clips,  or  upon 
other  alterations  to  the  resonator  structure  is  that  the 
circuit  adjustments  to  be  described  are  external  to  the 
resonator  and  may  be  carried  out  after  its  manufacture  is 
complete.  Techniques  for  trimming  acceleration 
sensitivity  by  modifying  the  resonator,  on  the  other  hand, 
must  be  carried  out  as  prart  of  the  resonator 
manufacturing  process,  while  the  resonator  is  in  a 
partially  completed  state.  Thus  they  may  be  cumbersome 
and  costly.  In  addition,  the  techniques  to  be  described 
are  reversible,  further  facilitating  the  adjustment  process. 

The  devices  to  be  described  are  novel,  multi- 
electroded  resonators.  With  these,  simple  circuit 
adjustment  techniques,  which  we  call  "Gamma  tuning," 
are  used  for  the  reduction  and  control  of  gamma. 

Principle 

The  principle  behind  the  multi-electrode 
approach  can  be  understood  from  figures  1  and  2.  Figure 
1  shows  a  thickness-mode  resonator,  such  as  an  AT-cut 
resonator.  Axes  x,  and  x3  are  a  pair  of  coordinate  axes 
lying  in  the  plane  of  the  plate.  They  may  correspond  to 
rotated  crystallographic  axes  or  may  be  otherwise 
selected,  as  desired.  For  the  device  shown,  one  electrode 
has  been  divided  in  a  direction  normal  to  x,  so  that  the 
device  can  now  be  considered  as  two  resonators,  R1  and 


Figure  2.  Schematic  illustation  of  the  effect  of  excitation 
on  mode  shap>e  for  a  symmetric  resonator  structure,  such 
as  Fig.  1:  ajEqual  excitation  of  El  &  E2;  b)  El  excited; 
c)  E2  excited. 
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R2,  with  associated  electrodes  E 1  and  E2  and  a  common 
counter-electrode.  We  note  that  R1  and  R2  are,  in 
general,  acoustically  coupled.  For  purposes  of  exposition, 
consider  the  device  to  be  perfecdy  symmetrical.  When  El 
and  E2  are  connected  together  and  driven  electrically, 
figure  2a,  only  the  modes  symmetric  about  the  x3  axis  are 
excited.  The  amplitude  along  the  x,  axis  of  one  such 
mode  is  sketched  in  figure  2a.  When  only  El  is 
electrically  excited,  figure  2b,  the  mode  shifts  to  the  left, 
toward  Rl;  however,  R2  is  also  excited  to  some  degree 
since  it  is  acoustically  coupled  to  Rl.  At  the  same  time, 
the  mode  shape  changes  and  is  no  longer  symmetrical, 
and  the  resonance  frequency  changes.  Similarly,  when 
only  E2  is  electrically  excited,  figure  2c,  the  mode  shifts 
to  the  right,  toward  R2.  It  follows  that  by  controlling  the 
relative  excitation  of  El  and  E2  in  magnitude  and  phase, 
the  position  of  the  mode  along  x,  can  be  controlled. 
Since  the  acceleration  sensitivity,  T,  depends  strongly 
upon  the  mode  shape  and  location,  varying  the  relative 
excitation  of  El  and  E2  will  cause  the  acceleration 
sensitivity  to  vary. 

The  effect  of  exciting  E 1  differently  from  E2  can 
also  be  explained  from  another  viewpoint.  In  figure  2a, 
the  excitation  is  symmetric.  Since  the  device  is  also 
symmetric,  only  symmetric  modes  are  excited.  In  figures 
2b  and  2c,  the  excitation  is  no  longer  symmetric,  but  can 
be  considered  as  the  sum  of  a  symmetric  excitation  and 
an  antisymmetric  excitation.  Hence,  both  symmetric  and 
antisymmetric  modes  are  excited,  although  unequally,  so 
that  for  these  connections  the  device  will  have  resonances 
which  are  neither  symmetric  nor  antisymmetric. 


Figure  3  shows,  in  general  form,  some  simple 
circuit  techniques  by  which  the  relative  excitation  of  El 
and  E2  may  be  controlled.  XI  and  X2  are  reactances; 


the  relative  excitation  of  El  &  E2. 


they  may  be  simply  capacitors  or  inductors,  or  they  may 
be  more  complex  L-C  networks.  Using  XI  and  X2,  the 
relative  amplitudes  and  phases  of  the  currents  into  El 


and  E2  can  be  varied,  thereby  changing  the  position  of 
the  mode  in  the  x,  direction.  In  figure  3b,  susceptances 
B1  and  B2  have  been  added.  These  might  be  used,  for 
example,  to  extend  the  range  of  control  obtainable  with 
XI  and  X2.  Other  circuit  techniques  can  also  be  applied, 
for  example,  El  and  E2  might  be  driven  by  separate 
amplifiers,  or  other  active  networks,  having  variable  gain 
and  phase  shift.  In  any  case,  the  circuit  composed  of  the 
resonator  and  its  additional  circuitry  has  a  resonance  with 
which  is  associated  an  acceleration  sensitivity,  which  we 
car.  now  control  by  suitable  circuit  adjustments.  This  is 
the  Gamma  tuning  concept.  (Throughout,  we  speak  of 
acceleration  sensitivity  at  a  resonance  frequency.  Clearly, 
the  concepts  and  techniques  discussed  apply  equally  in 
the  case  of  operation  with  a  load  capacitance.) 

The  principle  may  be  extended  to  two 
dimensions,  figure  4.  In  figure  4a.  four  electrodes  El.  ..., 
E4  have  been  formed  on  one  face  of  the  blank.  By 
controlling  the  relative  excitation  of  the  four,  the  position 
of  the  mode  with  respiect  to  both  x,  and  x^  can  be  varied. 
This  can  be  done  using  the  circuit  techniques  of  figure  3. 
as  illustrated,  for  example  in  figure  5.  Still  other 
electrode  configurations  are  possible,  such  as  figure  4b, 
in  which  three  electrodes  have  been  formed  on  one  face. 


Figure  4.  Two  electrode  configurations  which  allow  two 
dimensional  control  of  the  mode  shape. 
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Figure  5.  One  circuit  arrangement  for  use  with  the 
electrode  configuration  of  Fig.  4. 


Yet  another  configuration  is  shown  in  figure  6a, 
in  which  the  electrodes  of  both  faces  of  the  blank  are 
divided.  This  configuration  provides  a  simple  means  of 
independendy  controlling  the  x,  and  x3  position  of  the 
mode.  In  figure  6b  reactances  XI  and  X2  control  the  x, 
position,  while  reactances  X3  and  X4  control  the  x3 
position. 

While  the  foregoing  discussion  assumed  a 
symmetrical  device,  the  techniques  described  do  not 
require  that  the  device  be  symmetrical.  To  the  contrary, 
it  is  a  purpose  of  these  techniques  to  correct  for  the 
unavoidable  deviations  from  symmetiy  found  in  actual 
devices.  For  example,  the  locations  of  the  mounting 
ribbons  are  often  not  accurately  reproduced  from  unit  to 
unit.  While  improved  manufacturing  methods  may 
reduce  such  variations,  it  is  nevertheless  desirable  to  have 
a  means  for  trimming  or  adjusting  the  acceleration 
sensitivity.  Current  research  is  expected  to  yield 
resonator  designs  having  lower  theoretical  values  of 
acceleration  sensitivity  than  conventional  configurations. 
Since  these  will  also  be  subject  to  manufacturing 
variations,  it  seems  likely  that  an  adjustment  method  will 
still  be  useful. 

Experimental  Results 

Preliminary  measurements  on  crystal  units 
similar  to  figure  1  confirmed  the  validity  of  the  technique. 
Units  were  then  fabricated  having  an  electrode 
configuration  similar  to  figure  6a.  Crystal  units  to  be 
tested  are  mounted  in  a  test  fixture  having  adjustable 
reactances  corresponding  to  XI  -  X4,  figure  6b.  Initially, 
these  were  multi-turn  air  trimmer  capacitors;  later, 
varactor  diodes  were  used.  The  varactor  diodes  allow 
convenient,  remote  adjustment  of  the  capacitance  in 
series  with  each  electrode.  Forward  biasing  provides  a 


low  impedance  condition,  while  reverse  biasing  provides 
a  variable  capacitance  which  can  be  determined  from  the 
bias  voltage.  The  reference  state  was  taken  with  all 
diodes  forward  biased,  so  that  El  and  E2  are  at  the  same 
r-f  potential,  as  are  E3  and  E4. 


X3 

I 


I 

X3 


TOP  VIEW  BOTTOM  VIEW 

•) 


Figure  6.  Dividing  top  and  bottom  electrodes  to  control 
excitation  and  mode  shape  in  two  dimensions:  a) 
electrodes;  b)  series  reactances  provide  one  means  for 
adjusting  relative  excitation. 


The  crystal  test  fixture  was  mounted  on  a 
standard  vibration  exciter  ("shaker").  A  single  coaxial 
cable  connects  the  fixture  to  a  standard  PT1  test 
oscillator.  In  this  oscillator  the  crystal  is  in  one  arm  of  a 
four-port  hybrid  network  which  is  located  near  the 
shaker.  A  balancing  capacitor  is  in  the  opposing  arm. 
This  arrangement  provides  a  simple  means  of  separating 
the  crystal  fixture  from  the  oscillator  circuitry  by  any 
desired  distance.  A  separate,  shielded,  multiconductor 
cable  carries  the  varactor  bias  voltages,  which  are 
provided  by  a  remote  control  box.  Acceleration 
sensitivity  is  determined  by  measuring  the  vibration- 
induced  FM  sidebands  [1].  A  block  diagram  of  the 
measurement  system  is  shown  in  figure  7.  The  sidebands 
can  be  measured  directly,  using  an  RF  spectrum  analyzer. 
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such  as  the  H-P  3585A.  Better  sensitivity  was  obtained, 
however,  using  a  phase  noise  bridge,  and  most 
measurements  were  made  in  this  manner.  Comparison  of 
the  two  methods  showed  good  agreement.  Most 
measurements  were  made  with  5  G’s  peak  acceleration  at 
90  Hz. 


Figure  7.  Block  diagram  of  measurement  system. 


The  mechanical  configuration  of  the  fixture, 
figure  8,  consists  of  an  aluminum  cube  mounted  on  a 
base  plate  which  can  be  bolted  to  the  shake  table.  A 
coaxial  line  passes  through  the  base  and  terminates  in  pin 
sockets  on  the  top  face  and  one  side  face  of  the  cube.  A 
crystal  carrier,  with  a  socket  and  retaining  bracket  for  the 
crystal  unit,  can  be  bolted  to  either  face,  and  can  be 
rotated  in  90°  steps  about  the  normal  to  the  face, 
allowing  the  crystal  unit  to  be  vibrated  in  three 
orthogonal  directions.  For  two  of  the  three  directions, 
the  carrier  can  be  inverted,  allowing  measurements  to 
determine  errors  due  to  cable  effects,  if  any.  The  carrier 
also  contains  the  variable  reactance  circuitry. 

Table  1  presents  selected  results  obtained  on  30 
MHz,  3rd  overtone,  AT-cut  resonators.  The  electrode 
arrangement  is  similar  to  figure  6a,  except  that  a  square 
array,  rather  then  a  circular,  array  was  used.  The 
electrode  array  measures  0. 140  inch  (3.56  mm)  on  a  side, 
with  a  gap  of  0.020  inch  (0.51  mm).  Except  for  the 
electrodes,  construction  of  the  crystal  units  was 
conventional.  Blanks  having  a  diameter  of  0.310  inch 
(7.9  mm)  were  mounted  at  four  points  with  50  x  4  mil 
nickel  ribbons  in  coldweld  TO-8  enclosures.  Mounts  were 
aligned  with  the  crystallographic  x-  and  z’-axes  of  the 
blanks. 


Figure  8.  Vibration  test  fixture.  The  fixture  shown  is  for 
a  TO-8  size  crystal  unit. 


For  each  resonator,  capacitive  reactances  XI . 

X4  were  adjusted  iteratively  to  minimize  j  F  I .  obtaining 
reduction  factors  of  2.3  to  5.3.  The  mean  value  of  j  r  I 
was  reduced  from  7.99  to  2.46  x  10-10.  The  change  in 
frequency  was  between  0.41  and  1.30  kHz.  Loaded  Q  in 
the  test  oscillator  was  typically  50  x  103,  and  improved 
somewhat  with  Gamma  tuning. 

For  some  units,  |T|  could  not  be  reduced 
significantly.  For  example,  No.  1-4,  with  I  F |  -  5.43  x 
10  m,  and  No.  4-6  vith  |r|  =  2.58  x  10  lu,  could  not 
be  significantly  improved  with  the  simple  capacitive 
tuning  circuits  used  in  these  experiments. 

For  most  units,  x  ,  y-,  and  z  components  of  r 
could  be  nulled,  although  not  simultaneously. 

Discussion 

Some  of  the  ways  in  which  these  techniques  can 
be  employed  include: 

1.  Minimization  of  one  component  of  the  g 
sensitivity  vector. 

2.  Minimization  of  the  magnitude  of  the  g- 
sensitivity  vector. 

3.  Adjustment  of  the  orientation  and/or 
magnitude  of  the  g-sensitivity  vector  to  facilitate 
the  use  of  active  or  passive  compensation. 

4.  Separate  adjustment  of  the  G-sensitivity 
vector  of  two  modes,  as  might  be  desirable  in  an 
MCXO  application,  for  example. 
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Table  1.  Acceleration  Sensitivity  Before  &  After  Gamma  Tuning 


Unit 

Number 

Frequency 

(kHz) 

Acceleration  Sensitivity  x  1010  (/G) 

In-Plane 

Normal 

Total 

X 

z 

Total 

y 

|r| 

axis 

axis 

In-Plane 

axis 

1-3  Inir 

30,309.41 

0.74 

13.79 

13.81 

0.74 

13.83 

Final 

30,311.71 

0.26 

1.17 

1.20 

2.32 

2.61 

2-4  Init 

30,296.39 

0.75 

9.44 

9.47 

0.48 

9.48 

Final 

30,297.03 

0.17 

0.95 

0.97 

3.27 

3.41 

3-1  Init 

30,011.79 

1.70 

4.97 

5.25 

2.10 

5.66 

Final 

30,012.20 

2.24 

0.22 

2.26 

0.95 

2.45 

4-3  Init 

30,277.02 

1.16 

5.89 

6.00 

0.62 

6.04 

Final 

30,277.81 

0.80 

0.51 

0.95 

2.19 

2.39 

4-8  Init 

30,273.72 

0.87 

4.79 

4.87 

0.91 

4.95 

Final 

30,274.55 

0.96 

0.33 

1.01 

1.05 

1.46 

The  methods  which  have  been  described  alter 
the  resonance  frequency,  as  well  as  the  acceleration 
sensitivity,  of  the  crystal  unit  and  its  accompanying 
Gamma  tuning  circuitry.  If  the  frequency  change  cannot 
be  tolerated,  there  are  possible  remedies.  First,  the 
frequency  specification  may  be  taken  as  a  constraint 
during  acceleration  tuning.  Second,  Gamma  tuning  may 
be  carried  out  prior  to  final  frequency  adjustment  of  the 
resonator.  After  Gamma  tuning,  final  frequency 
adjustment  is  performed  using  a  method,  such  as 
dielectric  overplating,  designed  to  minimize  mode  shape 
changes. 

It  will  be  understood  that  the  electrode  and 
circuit  configurations  shown  are  not  the  only  ones 
possible;  for  example,  it  may  be  desirable  for  many 
applications  to  include  an  adjustable  load  capacitance  as 
a  means  of  frequency  adjustment.  Finally,  although  it  has 
not  been  pursued  in  the  present  work,  it  should  be  noted 
that  Gamma  tuning  could  also  be  used  with  analogous 
SAW  resonator  configurations,  using  in-line  and 
transverse  coupling. 

Conclusions 

A  resonator  whose  G-sensitiviv  can  be  adjusted 
by  simple  external  circuitry  has  been  described.  Limited 
experimental  work  indicates  that  the  approach  has 
considerable  potential.  This  approach  is  not  intended  as 
a  substitute  for  configurations  having  inherently  low 
acceleration  sensitivity;  rather,  its  purpose  is  to  allow  the 


potential  g-sensitivity  of  a  given  configuration  to  be 
realized. 
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ABSTRACT 

A  variety  of  approaches  to  compensate 
for  acceleration  effects  in  crystal 
resonators  have  been  used  over  the  years, 
however  these  schemes  have  met  with  mixed 
success.  A  good  example  is  the  intensive 
work  on  the  mounting  supports  of  BAW 
resonators  which  has  occasionally  produced 
a  unit  with  a  very  small  acceleration 
sensitivity  (T),  but  with  very  poor 
reproducibility.  Tests  performed  at  ETDL 
as  part  of  an  in-house  research  program 
have  now  confirmed  the  value  of  a  new 
method  to  reduce  r  electronically.  The 
underlying  principle  of  the  new  method 
centers  on  altering  r  by  electronically 
altering  the  modal  distribution  of  motion. 
This  method  is  a  substantially  more  direct 
and  cost  effective  means  of  adjustment 
than  the  others  used  to  date.  This  paper 
describes  the  compensation  technique,  and 
gives  experimental  results  for  resonator 
units . 


INTRODUCTION 

Resonances  in  structures  are 
frequency  regions  where  the  structures 
exhibit  large  amplitude  vibrations. 
These  vibrations  may  be  mechanical, 
electromagnetic,  or  various  other  types. 
Resonances  are  functions  of  frequency,  the 
material  supporting  the  vibration,  the 
substrate  orientation,  the  mode  of 
vibration,  and  the  device  geometry  or 
configuration.  Resonances  also  depend  on 
the  supporting  structure  and  on  external 
influences  such  as  temperature  and  forces. 
The  sensitivity  of  the  resonance  frequency 
to  external  disturbances  is  determined  by 
the  same  general  parameters  that  determine 
the  resonance  frequency. 

For  quartz  crystal  resonators,  it  is 
possible  to  calculate  accurately  the 
actual  three  dimensional  distribution  of 
motion  for  both  bulk  (BAW)  and  surface 
(SAW)  acoustic  wave  devices.  When,  for  a 


given  crystal  substance,  cut,  mode  of 
motion,  crystal  geometry,  and  support 
structure,  the  distribution  of  motion  is 
known,  then  the  resonance  frequency,  as 
well  as  the  sensitivity  of  the  resonance 
frequency  to  external  accelerations,  can 
be  computed. 

At  present,  the  problem  of 
acceleration  sensitivity  remains  a  major 
concern  in  the  application  of  quartz 
crystal  resonators.  As  long  ago  as  the 
1940's,  "shock  and  vibration"  was  one  of 
the  biggest  problems  awaiting  solution 
[1,2].  Through  the  years,  a  variety  of 
approaches  have  been  used:  mechanical 
isolation;  electrical  compensations; 
determination  of  mounting  support 
locations;  different  crystal  cuts; 
different  types  of  vibration;  different 
geometrical  shapes  and  aspect  ratios;  and 
the  use  of  two  or  more  crystal  resonators 
connected  electrically,  but  having 
reversed  axial  directions  with  respect  to 
the  acceleration  vector.  These  schemes 
have  met  with  mixed  success. 


Over  the  years,  intensive  work  on  the 
mounting  supports  of  BAW  resonators 
occasionally  produced  a  unit  (with 
extremely  low  yield  and  reproducibility) 
with  a  very  small  acceleration 
sensitivity.  The  acceleration  sensitivity 
vector,  r,  ..was  found  on  some  units  to  be 
in  the  10_10/g  and  10-11/g  range,  where 
the  norm  is  2  *  10~9/g.  The  poor 
reproducibility  was  attributed  to  such 
things  as  a  lack  of  symmetry  of  the 
mounting  supports,  and  the  impossibility 
of  attaining  such  symmetry  in  the 
manufacturing  process.  The  problem  lies, 
in  part,  with  the  complicated  mode 
spectrum  due  to  the  anisotropic  nature  of 
the  crystal,  and  to  the  boundary 
conditions  [3-8].  Figure  1  shows  an 
example  of  some  of  the  couplings  that 
occur  in  quartz  plates  [4].  In  Fig.  2  are 
seen  topographs  identifying  the  modal 
distributions  of  motion  with  various 
resonances  in  a  quartz  plate  [5]. 
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Figure  1.  Some  of  the  modes  of  motion 
in  an  anisotropic  plate  [4];  elastic 
stiffnesses  coupling  the  motions  are  also 
shown . 


Calculations  by  P.C.Y.  Lee  of 
Princeton  University  [e.g.,  9,  10]  and 
H.  F.  Tiersten  of  Rensselaer  Polytechnic 
Institute  [e.g.,  11-13],  and  their 
students,  have  demonstrated  the  importance 
of  the  mounting  supports  and  resonator 
configuration  on  the  acceleration 
sensitivity.  In  the  calculations  the 
induced  stress/strain  pattern  interacts 
with  the  mode  shape  to  produce  the 
acceleration  sensitivity.  The  calculations 
utilize  a  linearization  of  the  equations 
for  small  fields  superposed  on  a  bias. 
Figure  3  shows  common  electronic  devices 
that  have  nonlinear  characteristics; 
establishment  of  an  operating  point  is 
accomplished  by  means  of  a  biasing 
network.  About  this  operating  point,  small 
excursions  produce  linear  responses;  the 
linear  slope,  of  course,  is  a  function  of 
the  nonlinear  device  parameters.  In  like 
manner,  the  quasistatic  bias  of  the 
crystal  lattice  due  to  the  acceleration 
field  establishes  the  operating  point  for 
the  resonator.  Small  amplitude  waves,  due 
to  the  resonances,  propagate  with 
velocities  that  depend  on  the  biasing 
state. 


Figure  2.  Mode  spectrograph  of  a  thickness  shear  resonator, 
showing  resonance  strength  (crystal  current,  proportional  to 
motional  amplitude)  versus  driving  frequency  [5].  For  a  number  of 
resonances.  X-ray  topographs  are  displayed;  these  show  that  each 
resonance  has  its  own  unique  distribution  of  motion. 
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The  frequency  perturbation  due  to  the 
acceleration  can  be  written  as 

&  f/f  =  J  (mode  shape) * (stress  pattern)  dV 

where  the  integration  is  over  the  entire 
crystal  resonator  volume.  See,  e.g.,  [11]. 

ACCELERATION  COMPENSATION 

Since  the  acceleration  sensitivity 
arises  out  of  the  interaction  of  the 
stress/strain  pattern  and  spatial 
distribution  of  motion,  r  can  be  altered 
either  by  adjusting  the  stress/strain 
pattern,  via  the  supports  and/or  the  other 
factors  mentioned,  e.g.,  crystal,  cut, 
geometry,  etc.,  or  by  altering  the  mode 
shape  of  the  vibrator.  A  bibliography  to 


1980  is  contained  in  [14];  newer  work  is 
detailed  in  [15-17];  and  [18],  [19] 
describe  modal  effects. 

The  mode  shape  changes  as  a  function 
of  frequency,  therefore,  altering  the 
operating  point  of  the  resonator  on  the 
immittance  circle  can  change  r.  The  latter 
method  is  a  substantially  more  direct  and 
cost  effective  means  of  adjustment  than 
the  others  used  to  date.  Figure  4  shows 
the  variation  of  immittance  over  a  single 
resonance.  As  the  resonance  region  is 
traversed,  not  only  do  the  electrical 
characteristics  vary,  but  also  the  spatial 
distribution  of  motion  within  the  plate. 


SMALL  FIELDS  SUPERPOSED  ON  A  BIAS 


OPERATING  POINT 


TRANSISTOR 


MOSFET 


SPRING 

(ELASTIC  STIFFNESS) 


QUARTZ  RESONATOR  EFFECTS 

•  FORCE  -  FREQUENCY  Kf 

•  ACCELERATION  -  FREQ  f* f 

•  AMPLITUDE  -  FREQ 

•  FREQUENCY  -  TEMP  Tl 


•  SMALL  DEVIATIONS  ABOUT  THE 
OPERATING  POINT  ARE 
LINEAR. 


•  THE  SLOPE  OF  THE  TRANSFER 
FUNCTION  CHANGES  WITH 
BIAS  LEVEL. 


Figure  3.  Examples  of  small  fields  superposed  on  a  bias.  The 
vacuum  diode,  triode,  transistor,  and  MOSFET  are  familiar 
electronic  examples  of  nonlinear  devices.  A  linear  operating 
point  is  established  by  a  suitable  bias  network.  The  effective 
elastic  constant  of  quartz  is  linear  for  small  stress/strain 
variables,  and  nonlinear  otherwise.  The  elastic  and  electronic 
cases  are  analogous  when  the  elastic  operating  point  is  produced 
by  a  quasistatic  acceleration  field. 
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Figure  2  shows  some  of  the  mode 
patterns  associated  with  the  resonances  of 
a  quartz  plate.  The  resonances  are  the 
eigenfrequences  and  the  mode  patterns  are 
the  corresponding  eigenfunctions.  The 
eigenfunctions  form  a  complete  set.  At  a 
resonance,  the  pattern  of  motion  will  be 
the  eigenfunction  appropriate  to  that 
eigenfrequency.  This  is  normally  what  is 
utilized  in  practice.  The  slightest 
departure  from  an  eigenfrequency  produces 
a  distribution  of  motion  that  is  an 
admixture  of  all  the  eigenfunctions  [20]. 
The  extent  of  mixing,  and  therefore  the 
resulting  pattern,  depends  on  the 
frequency  shift  with  respect  to  all  the 
other  eigenfrequencies,  and  is  calculable. 

The  above  remarks  require  some 
modification  for  nonlinear  effects,  but 
the  idea  is  substantially  as  outlined: 
mode  mixing  occurs  when  one  detunes  from 
resonance.  The  change  in  mode  pattern  can 
be  utilized  to  provide  acceleration 
compensation. 

Heretofore  many  of  the  attempts  at 
reducing  r  have  concentrated  on  changing 
the  supports,  or  the  overall  geometry,  or 
the  aspect  ratio.  The  alternative  of 
electronically  changing  the  mode  shape  is 
not  at  all  obvious,  primarily  because 
changing  the  mode  shape  changes  the 
resonant  frequency,  and  this  is  usually 
avoided  at  all  costs. 


*3 


Figure  4.  Plot  of  real  and  imaginary 
parts  of  the  crystal  admittance  versus 
frequency.  As  the  region  of  resonance  is 
traversed,  the  shape  of  the  mode  changes. 
This  change  is  subtle  for  small  frequency 
shifts  near  a  resonance  peak,  but  the 
change  in  mode  shape  can  nevertheless  have 
a  dramatic  effect  on  the  acceleration 
sensitivity  coefficient  (T) . 


Once  the  resonator  is  manufactured 
and  mounted,  the  last  stage  is  typically 
devoted  to  frequency  trimming  or 
adjustment  by  depositing  a  small  spot  of 
electrode  material  (in  the  case  of  a  BAW 
resonator)  on  top  of  the  regular 
electrode.  The  nominal  frequency  of  the 
untrimmed  unit  is  deliberately  made  too 
high,  and  the  small  trimming  spot  lowers 
the  frequency  to  that  desired.  The  unit 
is  then  sealed,  marked,  and  shipped.  In 
the  process  of  final  frequency  adjustment, 
however,  the  acceleration  sensitivity  has 
likewise  been  changed,  and  very  often  in  a 
capricious  way,  since  the  final  trimming 
is  usually  not  applied  with  care,  or  with 
much  symmetry.  The  variation  of  the 
sensitivity  coefficient  during  resonator 
fabrication  has  escaped  notice  to  date 
because  it  has  been  tacitly  assumed  either 
that  the  acceleration  sensitivity  is  a 
constant,  or  that  its  value  is  not  of 
interest  until  manufacture  is  complete. 


By  performing  acceleration  tests  to 
determine  r  after  mounting,  but  before 
trimming,  one  has  available  a  very  simple 
method  of  changing  the  motional 
distribution  of  the  resonator  in  order  to 
change  r  .  The  method  is  simply  to 
operate  the  resonant  structure  somewhat 
of f-resonance ,  where  the  amplitude  of 
vibration  is  still  large,  and  therefore 
still  well-suited  to  frequency 
stabilization,  but  where  the  spatial 
distribution  of  motion  differs  from  that 
at  resonance. 

If  the  distribution  of  motion  pattern 
is  plotted  as  a  function  of  driving 
frequency  f,  then  as  the  structure 
approaches  resonance,  the  motional  pattern 
will  change,  not  only  in  size  (amplitude) , 
but  also  in  spatial  distribution.  Since 
the  motional  pattern  changes,  the 
acceleration  sensitivity  also  changes  as  a 
function  of  the  location  of  the  resonator 
operating  point  on  the  resonance  impedance 
circle.  Another  manifestation  of  this  is 
that  the  acceleration  sensitivity  is  a 
function  of  both  overtone  and  mode  of 
vibration.  This  has  been  observed 
experimentally,  but  the  importance  of  the 
observation  appears  not  to  have 
been  appreciated. 

It  is  possible  to  obtain  information 
about  how  to  adjust  the  acceleration 
sensitivity  by  measuring  r  as  a  function 
of  location  on  the  impedance  circle. 
Indeed,  if  a  particular  part  of  the 
impedance  circle  yields  a  low  value  of  r, 
one  may  fix  the  resonator/oscillator  to 
operate  at  this  point,  even  though  it  is 
not  strictly  at  the  resonance  point.  The 
basic  oscillator  is  then  operating  at  a 
point  on  the  impedance  circle  where  it 
does  not  have  the  desired  frequency 
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output,  but  does  have  the  proper  node 
shape  to  give  low  values  of  acceleration 
sensitivity.  The  desired  frequency  can 
then  be  derived  by  frequency  synthesis 
techniques,  i.e.,  by  bit-stuffing  the 
output  data  stream.  The  acceleration 
desensitization  is  electronic,  as  is  the 
synthesis  of  the  proper  output  frequency. 
The  resonator  units  are  manufactured 
conventionally  with  high  yield,  not 
individually  trimmed  or  sorted  for  low- 
acceleration  sensitivity.  Sorting  would 
result  in  very  low  yields. 

EXPERIMENTS 

Tests  performed  at  ETDL  as  part  of  an 
in-house  research  program  have  confirmed 
the  ability  to  reduce  the  acceleration 
sensitivity  electronically,  for  both  BAW 
and  SAW  resonators.  For  devices  where  the 
mode  shape  would  not  be  expected  to  change 
very  much  with  frequency  adjustment,  e.g., 
SAW  delay  lines,  changes  in  the 
sensitivity  coefficient  will  be  minimal. 
Some  representative  examples  of  SAW 
devices  tested  are  shown  on  Figs.  5  to  9. 
A  portion  of  the  change  in  the  gamma 
coefficient  seen  in  Figs.  5  to  8  is  due  to 
a  structure  resonance,  but  the  mode  shape 
change  is  large.  Figure  9  shows  a  twenty¬ 
fold  improvement  in  gamma  with  electronic 
tuning.  Even  greater  effects  have  been 
seen  in  BAW  resonators  at  present.  It  is 
possible  to  design  resonators  of  each  type 
so  that  the  mode  shape  is  more  sensitive 
to  frequency  offsets  to  maximize  the 
effect. 
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Figure  6.  An  809  MHz  SAW  resonator 
subjected  to  an  acceleration  of  2g  (peak- 
to-peak)  at  a  modulation  frequency  of  450 
Hz.  Carrier  frequency  versus  acceleration 
sensitivity  for  (a)  normal  and  (b)  in¬ 
plane  accelerations;  (c)  the  total 
sensitivity  is  also  shown. 
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Figure  7.  An  809  MHz  SAW  resonator 
subjected  to  an  acceleration  of  2g  (peak- 
to-peak)  at  a  modulation  frequency  of  750 
Hz.  Carrier  frequency  versus  acceleration 
sensitivity  for  (a)  normal  and  (b)  in¬ 
plane  accelerations  ;  (c)  the  total 

sensitivity  is  also  shown. 
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to-peak)  at  a  modulation  frequency  of  1530 
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plane  accelerations  ;  (c)  the  total 

sensitivity  is  also  shown. 
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Figure  9.  Acceleration  sensitivity  versus  carrier  frequency 
for  an  L-band  SAW  resonator  at  a  modulation  (shake)  frequency  of 
210  Hz  and  2g  peak-to-peak  amplitude.  The  graph  shows  a  nearly 
twenty-fold  improvement. 
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Abstrac  t 


It  is  shown  that  the  normal  acceleration 
sensitivity  of  contoured  quartz  r  ;sonators  with 
rectangular  supports  vanishes  when  the  centers  of 
the  mode  shape  and  support  rectangle  coincide. 

This  result  is  essentially  a  consequence  of  sym¬ 
metry  and  applies  to  many  other  shapes.  Since  it 
is  extremely  difficult  to  realize  this  situation 
in  practice,  an  analysis  of  the  influence  of  an 
offset  of  the  centers  on  the  normal  acceleration 
sensitivity  is  performed.  The  biasing  deformation 
is  determined  by  means  of  a  variational  approxima¬ 
tion  procedure  using  the  variational  principle 
with  all  natural  conditions  for  anisotropic  static 
flexure.  The  very  important  accompanying  strains 
varying  quadratically  across  the  thickness  are 
determined  recursively,  as  in  earlier  work.  The 
resulting  flexural  biasing  states  are  employed  in 
the  existing  perturbation  equation  along  with  the 
equivalent  trapped  energy  mode  shapes  of  the  con¬ 
toured  resonators  to  calculate  the  normal  accelera¬ 
tion  sensitivities.  It  is  shown  that  for  small 
offsets  the  acceleration  sensitivity  increases 
linearly  with  offset  and  orientations  for  which 
this  effect  is  minimized  are  found. 

1 .  Introduction 

In  recent  work^’2  on  the  normal  acceleration 
sensitivity  of  contoured  quartz  resonators  sup¬ 
ported  along  rectangular  edges  it  was  shown  that 
the  sensitivity  is  always  negligibly  small  and 
vanishes  for  certain  cases  when  the  centers  of  the 
mode  shape  end  support  rectangle  coincide.  In  this 
work  it  is  shown  that,  as  a  consequence  of  sym¬ 
metry,  the  normal  acceleration  sensitivity  always 
vanishes  when  the  centers  coincide.  Since  this 
situation  is  extremely  difficult  to  realize  in 
practice,  an  analysis  of  the  influence  of  an  off¬ 
set  of  the  centers  on  the  normal  acceleration 
sensitivity  is  performed.  It  is  further  shown 
that  for  small  offsets  of  centers,  which  is  the 
practical  case,  the  normal  acceleration  sensi¬ 
tivity  increases  linearly  with  offset.  This 
results  in  the  definition  of  a  resonator  vector 
parameter,  the  minimization  of  the  magnitude  of 
which  yields  the  best  orientations  for  fabrica¬ 
tion  imperfection.  The  linear  increase  with  off¬ 
set  underscores  the  importance  of  care  in  fabri¬ 
cation-®  to  achieve  consistently  low  acceleration 
sens i t ivi t ies . 
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The  biasing  deformation  fields  are  calculated 
by  means  of  a  variational  approximation  procedure, 
which  employs  the  variational  principle  for  aniso¬ 
tropic  static  flexure  as  in  earlier  vork^ ■ ® .  The 
important  quadratically  varying  strains  are  then 
determined  recursively  as  in  earlier  work^*2.  The 
calculated  biasing  deformation  fields  are  employed 
in  an  existing  perturbation  equation^®  along  with 
the  equivalent  trapped  energy  mode  shapes^1  for 
the  contoured  resonator  to  calculate  the  normal 
acceleration  sensitivities.  Results  are  presented 
for  a  range  of  offsets  for  some  orientations  and 
aspect  ratios  of  the  rectangular  support  configura¬ 
tion  for  both  the  AT  and  SC  cuts. 

2.  Perturbation  Equations 

For  purely  elastic  nonlinearities  the  equa¬ 
tion  for  the  perturbation  in  eigenfrequency 

obtained  from  the  perturbation  analysis^  mentioned 
in  the  Introduction  may  be  written  in  the  form 

vV2v  *-vv  (2-1} 

where  u>^  and  u>  are  the  unperturbed  and  perturbed 
eigenfrequencies,  respectively,  and 


H  =  - 
U 


v ,  L 


dV. 


(2.2) 


where  V  is  the  undeformed  volume  of  the  piezo¬ 


electric  plate.  In  (2.2) 


denotes  the  norroal- 
,Tn 


ized  mechanical  displacement  vector,  and  K^. 


denotes  the  portion  of  the  Piola-Kirchhof f  stress 
tensor  resulting  from  the  biasing  state  in  the 


presence  of  the  and  is  given  by 

£n  _  *  n 

KLY  "  CLyMa8o,M  ’ 

where 

CLyMo  =  TLM5Yo  +  §LYMoKNEKN 
+  2LyKMWo,K  +|lkMoWy,K  ’ 


(2.3) 


(2.4) 


and 
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TLM  '  <2lMKNEKN’  ^  “  2  (WK,N+WN,K)‘  (2-5) 


The  quantities  T^,  E^N  and  wR  denote  the  static 

biasing  stress,  strain  and  displacement  field, 
respectively.  Hie  coefficients  Sj^  and 

denote  the  second  and  third  order  elastic  constants, 
respec  tlvely . 


U 

=  J  X2KABdX2>  FB1)“h[K2B(h)+K2B(-h)]* 

-n  /■> 


(3.2) 


and  in  this  instance 

FBU  *°,  F20)  “K22(h)  -  K22(-h)  -  2hpa2  =  -  2hpa,,  , 


(3.3) 


The  normalized  eigensolution  k  and 
defined  by 


u 

gp  a  -1 
y  n 

d 


■Si 

SL 

N 


N 


pu^u^ 
V  V 


dV. 


(2.6) 


where  u^4  and  cp44  are 
V 

electric  potential, 
equations  of  linear 


the  mechanical  displacement  and 

respectively,  which  satisfy  the 
piezoelectric ity 


KLY  2FA'[foUQ',M  +eMLY^,  M’ 

tt 


\  *  eLMYUY,M  '  ’ 

~ji  7-4 

KLY,L  =  pUV>  **L,L  =  » 


(2.7) 

(2.8) 


since  vanishes  on  the  major  surfaces  and  where 

a2  ls  the  acceleration  in  the  X^direction.  From 

Eqs .(4.25)  of  Ref. 10  the  constitutive  equations 
for  the  stress-resultants  take  the  form 


3  h  7abcdecd 


(1) 


(3.4) 


where  Voigt's  anisotropic  plate  elastic  constants 
are  given  by 

VRS*CRS'  CRwWvS’  R’S“  l>3,5;  M,V-  2,4,6.  (3.5) 

in  the  compressed  notation,  and  where  we  have  intro- 
duced  the  scheme  shown.  The  plate  strains  in 

(3.4)  are  given  by 


subject  to  the  appropriate  boundary  conditions, 
and  p  is  the  mass  density.  Equations  (2.7)  are 
the  linear  piezoelectric  constitutive  relations 
and  (2.8)  are  the  stress  equations  of  motion  and 
charge  equation  of  electrostatics,  respectively. 

The  upper  cycle  notation  for  many  dynamic  variables 
and  the  capital  Latin  and  lower  case  Greek  index 
notation  is  being  employed  for  consistency  with 
Ref. 5,  as  is  the  remainder  of  the  notation  in  this 
section. 

The  substitution  of  (2.3)  in  (2.2)  yields 


(1) 

C,D 


+  w 


(1) 

D,C 


) 


(3.6) 


and  from  the  relaxation  of  the  stress  resultants 
K2L^>  the  vanishinE  of  the  plate  shear  strains 
and  (3.6)  we  have  the  respective  relations 


c’lc  E 

wv  vs  s 


(1) 


=  -  w 


(0) 

2, CD  ’ 


(3.7) 


H  =  -  J 

d  J 


c  g^  dV  , 

LyMc<  a,M6Y,L 


(2.9) 


Since  g44  denotes  the  normalized  mode  shape  in  the 

a 

contoured  resonator  and  from  (2.4)  c  depends 

LYMQf 

on  the  biasing  state,  H  can  be  evaluated  when  the 
’  d 

resonator  mode  shape  and  biasing  state  are  known. 


which,  respectively,  are  given  in  Eqs. (4. 24) 

(3.34)  and  (3.37)  of  Ref. 10. 

It  has  been  shown1  that  the  biasing  shearing 
stresses  that  are  determined  recursively  in  the 
classical  theory  of  the  flexure  of  thin  plates  may 
be  written  in  the  form 

K2B  -  (3/4h3)(h2-X2)  K^,  (3.8) 


3.  Equations  for  Anisotropic  Static  Flexure 

7-9 

With  the  aid  of  Mindlin's  plate  equations 
it  has  been  shown  that  the  equation  of  anisotropic 
static  flexure  with  X,  normal  to  the  major  surfaces 
1  10 

can  be  written  in  the  form 


K(1) 

AB.AB 


+  F, 


(1) 

B.B 


+  F 


(0) 


=  0 


(3.1) 


where  we  have  introduced  the  convention  that  A,  B, 
C,  D  take  the  values  1  and  3  and  skip  2  and 


where  the  caret  indicates  that  a  quantity  has  been 
determined  recursively  and,  hence,  contains  an 
order  of  smallness.  The  associated  three- 
dimensional  strain  fields  are  obtained  simply  by 
inverting  the  linear  constitutive  equations 

’S-M  ”  CLMKNEKN’  (3'9) 

with  the  result 

EKL~CKL2BX2B  ”  oEKL+X2  2^10/  (3,10) 

since  all  stresses  that  vary  symmetrically  with  X,, 
vanish  except  K2B>  and  and  2^]^  are  cFear  Frora 

(3.8)  and  (3.10).  Since  from  Eqs. (3.31)  of  Ref. 6 
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we  have  “  0,  when  the  plate  deflection  wf,* 

has  been  found,  we  know  the  three-dimensional 
strain  field  from  Che  relation 


EKL  =  o'EKL+X2^)+X2  2SCL 


(3.  11) 


with  respect  to  each  other  by  an  arbitrary  small 
distance  d  in  an  arbitrary  direction  8.  Hence,  d 
has  arbitrary  components  d^  and  d^.  In  this  sec¬ 
tion  we  are  concerned  with  the  static  solutions 
for  the  biasing  states  referred  to  the  unprimed 
coordinate  system  only. 


Although  we  now  have  the  plate  strains  from 

(3.11),  we  cannot  yet  determine  the  c,  from 
’  ’  LyMar 

(2.4)  because,  as  noted  in  Ref. 6,  we  need  the 
displacement  gradients  w^  or  equivalently  the 
rotations  ’ 


•\L  =  2  (WL,K  '  WK.LK 


(3.12) 


The  substitution  of  (3.3),  (3.4)  and  (3.7)^ 

in  (3.1)  yields  the  equilibrium  equation  for 
flexure  of  the  thin  plate  in  the  form 


2 

3 


h 


3  w(0) 

%ABCDW2,CDAB 


+ 


2hpa2  =  0. 


(4.1) 


The  boundary  conditions  are  given  by 


As  in  Ref. 6,  we  realize  that  the  associated  plate 
rotations  that  accompany  the  plate  strains  that 
arise  from  the  relaxation  of  the  plate  stress 


resultants 


and 


the  recursive 


inversion  in 


(3.10)  satisfy  the  appropriate  three-dimensional 
rotation  gradient-strain  gradient  relations,  i.e., 


where 


'Vl,M  ^L.K  "  ^MK,  L  ’ 


2 


n=0 


(3.13) 


(3.14) 


| ^  =  0  at  Xt  =  x a,  -b  <X3<b, 

r-. 

K<3)  =  0  at  X3  =xb,  -a  <X3<a 

(4.2) 

Since  as  already  indicated  the  problem 
defined  in  (4.1)  and  (4.2)  cannot  be  solved 
exactly,  a  variational  approximation  procedure  is 
4 

employed  .  To  this  end  we  first  transform  the 
inhomogeneities  from  the  differential  equation  (4.  1 ) 
into  certain  of  the  other  boundary  conditions  by 
writing 


w 


(0)  =  -(0) 
2  2 


2  2  2  2 
+  A(X^  -  a  )(Xj  -  5a  i. 


(4.3) 


and  the  are  the  plate  rotations  of  nth  order. 

As  in  the  end  of  Sec. Ill  of  Ref. 6  [after  Eq.(3.32)] 
from  the  flexural  solution  without  recursive  strains 
we  obtain 


-(0) 

13 


=  arbitrary  constant  =  0, 


(0)  _  (0) 

'2A  "  W2 ,  A 


(3.15) 


Including  recursive  strains  for  n=l  and  2  and 
equating  like  powers  of  X,  in  the  same  way  we 

,  ,  1 
obtain 

~U)_  F  F  n(2)  =  3  iF<3>  -  F(1)  1 

“13  o  23,1  o  21,3’  *13  2  ^  23, 1  21, 3J’ 

n(1)  =  E(1)-  E  n(2)=  E  -±E(1) 

2A  2A  o  22,A’  2A  2  2A  2  22,A’(3  1&) 

The  substitution  of  (3.15)  and  (3.16)  in  (3.14) 
yields  which  with  (3.11)  and 

WK,L  =  ^KL  +  *\,K  ’  (3-17) 

gives  us  the  desired  three-dimensional  displacement 

(0) 

gradients  when  the  plate  deflection  w2  has  been 
found. 

4.  Analysis  for  Flexural  Biasing  State 

A  plan  view  of  the  plate  is  shown  in  Figure  1 
along  with  the  coordinate  systems.  The  origin  of 
the  unprimed  coordinate  system  is  located  at  the 
center  of  the  supports  and  the  origin  of  the 
primed  coordinate  system  is  located  at  the  center 
of  the  mode  shape,  which  we  permit  to  be  displaced 


which  when  substituted  into  (4.1)  yields 

v  0<°>  +4v  0(O)  +2(v  +  2v  'w^03 

.i  2,1  ill  15  2,1113  i3  55  2. 1133 


+  4v  0<°>  +v  &<°>  =0 

Y35  2,  1333  y33  2,  3333 


(4.4) 


since  A  is  selected  as 
A 


pa2/8h  vlr 


(4.5) 


The  further  substitution  of  (4.3)  with  (3.4)  and 
(3.7)  into  (4.2)  yields  the  edge  conditions,  which 

for  brevity  we  do  not  bother  to  write  here*’3. 


As  a  solution  of  (4.4)  we  write 


5<°> 

2 


*y 

-  D  (X  -  a)(x  -  X,Vd  (X.  -  a )[” 3X. 
o  1  \  3  Yjj  1  o  1  L 


'13 


2y 


y  *  Y 

711  1  1  Yll 


15  <x,  *,>(: 


3X„ 


2y 


15 


'll 


£  i(TlX  +v  X  ) 

*,V|  *  I  V  *  "  3  • 


(4.6) 


n=-N 


where  =  wr/ 2pb  and  p  is  chosen  to  be  an  irra¬ 
tional  number  (here  2tt)  in  order  that  neither 

cos  v  b  or  sin  v  b  vanish.  Let  7)  =  hv  and  sub- 

n  n  n  n 

stitute  from  (4.6)  into  (4.4)  to  obtain 

Yuh4  +4y15h3  +  2(v13  +  2Y55)h2)  +  4Y35h  +y33  «  0, 

(4.7) 
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which  is  Independent  ot'_n.  Equation  (4.7)  yields 
four  independent  roots  h  (p=l,2,3,4)  independent 

of  n.  Hence,  the  sum  in  (4.6)  can  be  written  in 
the  form 


£  _i(Vl+VnV 


D  e 

n 


n=-N 


N  4  iTl(p)x  iv  X 

- 1 1  "  *■  A.  <*.« 


n=-N  p=l 


where  the  D^P^  along  with  D  and  D  are  amplitude 
n  o  o 

coefficients  still  to  be  determined.  By  satis¬ 
fying  the  edge  conditions  w^^  =  0  at  X  =  +a  and 

*  ( 1 )  ^  1 
K  =0  at  Xj  =ia  for  each  n,  we  obtain 


D(P>  =  g(P>D(1) 
n  n  n 


(4.9) 


(P) 


where  the  g  are  obtained  from  the  resulting 
n  11 

linear  algebra  .  This  reduces  the  number  of 

unknown  coefficients  from  4  to  1  for  each  n.  It 

should  be  noted  that^the  terms  in  14.6)  with  the 

coefficients  D  and  D  already  sat  .fy  these  same 
o  o 

conditions.  The  substitution  of  (4.8)  and  (4.9) 
in  (4.6)  enables  us  to  write 


w<0)  =  Do(Va)(x3-^Xi) 

+  Do(Xi-a)[3X32+^x^2a-x1) 

-  2  —  (X  +a)(3X  -  2  —  X  V| 

Yu  1  V  3  YU  l'J 

N  iv  x  N  iTl(p)x 

*  I  ” 5  l  «?’•  " 

n=-N  p=l 

as  the  approximate  solution  function. 


(4.10) 


Since  the  solution  (4.10)  with  (4.3)  satis¬ 
fies  the  differential  equation  (4.1)  exactly  and 
one  edge  condition  is  of  constraint  type,  but  in 
natural  form,  and  the  other  is  of  natural  type, 
all  that  remains  of  the  variational  principle  given 
in  Eq. (44)  of  Ref. 4,  in  which  all  conditions  appear 
as  natural  conditions,  is 


I 


*«>> 

(l)  -  2 

<NaKa«  ds 

A  AB  B  dn 


-  f  <«NS,S+SB*i!,>A><W20)-w20))  ds 
C+  (aCs'  ®1NS)("20)C2'W20)C2)=0’  (4-U) 


where 


"ns  - 


(4.12) 


and  N  and  J  denote  unit  vectors  respectively, 
B  C 

outwardly  directed  normal  and  tangential  to  C  in 


the  counterclockwise  direction,  as  shown  in 
Figure  2  of  Ref. 4,  which  defines  +  and  -  and  the 
point  C9.  The  bars  over  quantities  in  (4.11) 

denote  that  they  are  prescribed.  The  variation 

g  may  readily  be  evaluated  from  (4  12)  and 


r(0)  _  —(0)2 
'i 2  ~  «2 


(4.13) 


Substituting  from  (4.3)  with  (4.10),  (4.13)  and 
the  homogeneous  edge  conditions  mentioned  above 
which  have  been  satisfied  exactly  by  each  term  in 
the  solution  sum,  into  (4.11)  and  employing  (4.12), 
we  obtain 


-a  1  *■ 


.'.(0)  +  (5<o> 

3  1  2 


2  2  2  2  *  (l ) 

+  A(XL-a  )(X1  -  5a^))(5K^;3  +  26Kj^ 


X3=b 


dX, 


w(0)' 
2 


c(D 

11.1 


~(1> 

13. 3' 


dX„ 


-b 


xi=-a 


,  .  *(1)  X 

+  W2  (5K13,1  +  *13. 3> 


1  V* 

x3=b 


te*1)  J 

+  w2  («13>1-  «K13)3>! 


=  0 


(4.14) 


Xl=-a 

V-b 


X3=b 


where  the  notation  [  ]Y  _  .  means  the  quantity 

3 

evaluated  at  b  minus  the  quantity  evaluated  at  -b 

and  the  are  obtained  from  (3.4)  and  (3.7) 

AB  j 

with  t(20)  instead  of  w^^  since  A  is  fixed  and  the 

variation  of  prescribed  quantities  vanishes. 
Substituting  from  (4.3)  with  (4.10)  into  (4.14) 
and  performing  the  integrations,  we  obtain 

N  N  N 

V  V  a  DSD  +V  b5D=0,mn  =  0, 
i_i  Li  mn  m  n  L,  n  n  ’  ’ 


n=-N  m=-N 


n=-N 
6,  ±1,  ±2,  ±N  , 


(4.15) 


where  0  and  0  refer  to  the  amplitudes  D  ,  D  and 

o’  o 

superscripts  have  been  suppressed.  The  expres¬ 
sions  for  a  and  b  are  too  lengthy  to  present 


.  11 
here 

we  obtain 

N 


Since  the  variations  6Dn  are  arbitrary, 


l 

m=-N 


a  D  =  -  b  m,  n  =  0  0,  ±1,±2  ..±N  (4.16) 

mn  ro  n  ’  ’  ’  ’  ’  ’ 


which  constitute  2N  + 2  inhomogeneous  linear  alge¬ 
braic  equations  in  the  2N  + 2  unknowns  D  ,  the 
1  m’ 

inversion  of  which  gives  the  approximate  solution. 
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Convergence  is  determined  by  increasing  the  number 
N  and  comparing  the  solution  for  N  with  that  for 
N  -  1. 

5 .  The  Equivalent  Trapped  Energy  Mode  Shape 

A  schematic  diagram  of  the  contoured  crystal 
resonator  along  with  the  associated  coordinate 
system  is  shown  in  Figure  2.  It  has  been  shown 
that  the  eigensolution  for  the  dominant  displace¬ 
ment  of  the  harmonic  modes  in  a  contoured  quartz 
resonator  can  be  written  in  the  form1- 

n"X  i  uj  t 

2  noo  »  -i  r  /c  i  \ 

u  =  sin  —  u  e  n  »  1,3,5,  ...  ,  (5.1) 

In  2h  noo  ’  ’  ’  ’  ’ 


-a  (X.2/2)-e  (X^/2) 
n  1  n  J 


u  =  e 
noo 


in  which 


2  2.(1) 


2  n  tt  c 

zj  S  ■"  ■■ 

n  8Rh3M' 
o  n 


2  2.(1) 


n  8Rh3P' 
o  n 


and  M'  and  P'  are  involved  lengthy  expressions  that 
n  n 

are  defined  in  Sec. II  of  Ref. 12  along  with  X^  and 

X^,  which  are  orthogonal  directions  in  the  plane  of 

the  plate  for  which  the  scalar  differential  equa¬ 
tion  for  the  nth  anharmonic  family  of  modes  does 
net  contain  mixed  derivatives  and  R  denotes  the 
radius  of  the  spherical  contour.  From  Eq.  (97)  of 
Ref.  12  in  this  work  we  have 


XA =  WV- 

where,  from  Eq. (98 ) ^  of  Ref. 12 


a 

a 

COS 

3 

n 

-  sin 

3 

n 

a 

A 

s  in 

3 

n 

cos 

0n 

and  8  is  defined  in  Eq.(91  „  of  Ref. 12.  The 
n  2 

eigenfroquenc ies  corresponding  to  the  eigensolution 
for  the  harmonic  modes  are  given  by 


work  because  as  shown  in  earlier  work  the  important 
biasing  shearing  deformation  is  an  order  of  magni¬ 
tude  smaller  than  the  biasing  flexural  deformation. 
However,  since  the  u2  and  u^  displacement  components 

accompanying  the  larger  u^  component  are  known 

only  for  the  flat  plate,  we  fit  the  Gaussian  mede 
shape  given  in  (5.1)  and  (5.2)  for  the  contoured 
resonator  to  a  trapped  energy  mode  in  a  flat  plate 
in  accordance  with  Sec.V  of  Ref.l,  wherein  the 
_  —  '‘SR  '■‘TM 

wavenumbers  §,  v,  §  and  v  are  obtained  from 
quantities  contained  in  the  Gaussian  mode  shape. 

As  shown  in  Sec.V  of  Ref.l,  when  this  has  been  done 
it  is  found  from  Eqs.(65)  of  Ref. 12  that  to  the 
SR 

order  of  interest  the  u  displacement  field  for 


the  SR  region  may  be  written 
(  fSR 

uSR  =  (l)SR//CJ,6t_'C. 

i  +  V  -d) 


,  -SR  .~i 

+  (c_16j  ~  c5fe1V  „  \ 

-d)  p) 

<2  -§SR(X1-a1)  ivX- 

—  e  e 


g  _ 

SR  _  /r2^  ~rAlv)  ( 1  )SR  rrr 
U2  \  nir/2h  A+  C0S  2h  X2 

.CD  ^  JIa 

.  ( 2) SR  nn  \  (Xl*al)  i'lX3 

+  iG+  coSi2-X2je  e  , 

g  _ 

SR  /,(r5?  *r3lv)  .  ( 1  )SR  nn  .. 
u3  =  ( - ^V2h - A+  C0S  a  X2 

'iSK  * 

n\cD  ....  v  “s  (X^-a3^  i  vX, 


,  .  (3)SR 
+  iE^  cosx^ 


£0* 


R  iv,  iv=R  iv-R  f  ,  (5.8) 


and  from  Eqs.(72)  of  Ref. 12,  we  know  C1"  and 

E+  in  terms  of  A+  and  as  in  Ref.l  we  do  not 

write  the  relations  of  the  corresponding  displace¬ 
ment  fields  for  the  other  regions.  We  note  that 
( 1  )SR 

A^  here  corresponds  to  Bg  in  Sec.V  of  Ref. 6 
6.  Acceleration  Sensitivity  for  Zero  Offset 


,  2  2.(11  r  .  ,2h  .1/2 

2  _  n  -  c  r.  J_  ( o\ 

^noo  /  h~  -  ^  n’T  \  R  / 


(  pL. 

\J-(  1)  Ji(  D'J 


where  c^^  is  defined  in  Eq,(78)  of  Ref.  12. 

In  addition  to  the  thickness  eigendisplacemenc 

u,  given  in  (5.1)  there  are  thickness  eigendis- 
1  n 

placemen  s  u„  and  u.,  ,  which  are  an  order  of 
2n  3n 

magnitude  smaller  than  u,  but  are  required  in  this 

In 


In  this  section  it  is  shown  analytically  that 
the  normal  acceleration  sensitivity  vanishes  when 
the  centers  of  the  mode  shape  and  support  rectangle 
coinr'le.  To  this  end  recourse  is  had  to  the  plan 
view  shown  in  Figure  3,  in  which  the  unprimed 
coordinate  system  from  Figure  1  is  reproduced  along 
with  the  dotted  coordinate  system  obtained  by  means 
of  a  rotation  of  rr  about  X?.  The  transformation 

from  the  solid  to  the  dotted  coordinate  system  is 
given  by 
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The  argument  presented  holds  for  the  case  of 
rectangular  supports  and,  in  fact,  for  any  sym¬ 
metric  shape  which  has  symmetric  boundary 
conditions. 


When  the  solid  coordinate  system  is  employed 
the  differential  equation  is  given  by  (4.1)  and 
the  boundary  conditions  are  given  by  (4.2).  When 
the  dotted  coordinate  system  is  employed,  the 
differential  equation  is  given  by 


2  u3  (0)  ,  „ 

5h  YABCDW2,CDAB  +  2hpa2-°> 


(6.2) 


and  the  differentiation  is  with  respect  to  the 
dotted  coordinate  system.  The  boundary  conditions 
are  still  given  by  (4.2),  but  now  the  +  and  -  loca¬ 
tions  refer  to  the  opposite  edges  and  that  has  no 
influence  because  the  boundary  conditions  are 
13 

symmetric  .  Since  A,B,C,D  take  the  values  1  and  3 
only  and  the  transformation  is  given  by  (6.1), 
have 


yabcd  yabcd  ’ 


(6.3) 


and  from  (4.3)  and  (4.10),  we  may  write 


(0) 


w2  + 


l  V,,A  I 


(p)  \  X1 


P-1 


(7.2) 


* 

where  w^  is  a  polynomial  in  Xj  and  X^.  The 
substitution  of  (7.1)  in  (7.2)  enables  us  to  write 


(0)  4-Vn  1  V°X3  V  ~<P)  iT^ 

W2  =  w2(dA’V  +L\e  1  8n  • 

n  p=l 

“here  iv  d,  ,  .  i^>d,  ,  , 

6  =  e  "  3D  ,  £(p)  =  e  W  VP). 
n  n’  n  n 


X1 


(7.3) 

(7.4) 


Since  the  perturbation  integral  in  (2.9)  vanishes 
for  d^  =  0,  the  substitution  of  (7.3)  with  (7.4) 

into  (2.9)  and  expansion  to  first  order  in  d 
yields,  with  the  aid  of  (2.1) 


Auj 

—  =  C,d.  +  C.d,  =  C  d 
U)  11  3  3  A  A’ 


(7.5) 


which  shows  that  Eq.(6.  2)  is  exactly  the  same  as 
Eq.(4. 1).  Thus  we  have  shown  that  the  differential 
equations  and  boundary  conditions  are  exactly  the 
same  in  either  coordinate  system  shown  in  Figure  3. 
Since  the  solutions  will  be  exactly  the  same  in 
each  coordinate  system  and  the  physical  result, 

i.e  w!,°\  must  be  independent  of  the  coordinate 

1  (0) 

system  employed,  we  have  shown  that  can  coutain 

terms  only  of  the  forms  E(X^)E(X^)  and  0(X^)0(X^), 

where  E  means  even  and  0  means  odd,  and  cannot 
contain  terms  of  the  forms  E(X^)0(Xj)  or  0(X^)E(X.j). 

This  means  that  the  amplitude  Dq  in  the 
solution  function  in  (4.6)  and  (4.10)  serves 
to  cancel  the  influence  of  the  E(X^)0(Xj)  and 
0(Xj)E(X3)  terms  that  arise  from  the  complex 

exponential  notation  employed  in  the  sums  in  (4.6) 
and  (4.10).  The  application  of  the  transformation 
in  (5.5)  to  the  allowed  solution  functions  shows 
that  terms  only  of  the  forms  E(X^)E(X^)  and 

0(X1)0(X^)  arise.  Furthermore,  an  examination  of 

the  perturbation  integral  (2.9)  for  the  equivalent 
trapped  energy  mode  shape  reveals  that  bigsing,, 
terms  only  of  the  forms  E(X^)0(X^)  and  0(X^)E(X^) 

survive.  Hence  we  have  shown  that  the  normal 
acceleration  sensitivity  of  the  contoured  resonator 
vanishes  when  the  centers  of  the  mode  shape  and 
support  rectangle  coincide. 

7 .  Small  Offset  of  Centers 


in  this  section  we  obtain  a  very  useful 
result  for  the  limiting  case  of  small  offset  of 
centers.  From  Figure  1  it  is  clear  that  we  may 
write  the  transformation 


X  -  d  +  X' 
AAA 


(7.1) 


where  the  C are  complicated  expressions  which  are 
not  terribly  revealing  and  have  been  calculated. 

Clearly,  the  CA  defined  above  denote  the 

components  of  a  resonator  vector  parameter  which 

is  of  some  interest.  The  orientations  and  aspect 

ratios  for  which  the  magnitude  of  C.  is  smallest 

A 

are  those  for  which  the  normal  acceleration  sensi¬ 
tivity  is  least  influenced  by  the  type  of  error 
in  fabrication  considered  here.  Calculations  of 
the  magnitude  of  for  a  few  cases  are  presented 
and  discussed  in  tne  next  section. 

8.  Calculated  Results 

From  Section  5  we  now  know  and  from 

Sections  3  and  4  we  know  c,  „  for  normal  accelera- 

LyMa 

tion,  i.e.,  flexure  with  simple  rectangular  sup¬ 
ports.  Hence,  we  can  now  evaluate  H  in  Eq.(2.9) 

for  non-zero  d..  Such  calculations  have  been  per- 
A 

formed  using  the  known  values  of  the  second 
14  15 

order  and  third  order  elastic  constants  of 
quartz.  Since  at  the  time  of  the  work  presented 
in  Ref.l  it  was  not  known  that  the  normal  accelera¬ 
tion  sensitivity  always  vanishes  when  the  centers 
of  the  supporl  rectangle  and  mode  shape  coincide, 
results  are  presented  in  this  section  for  the  case 
of  rigid  supports  correctly  analyzed  in  Ref.l  as 
well  as  for  the  case  of  simple  rectangular  supports 
analyzed  in  this  work. 

The  calculated  normal  acceleration  sensitivi¬ 
ties  for  a  rigidly  supported  AT-cut  plate  with  an 
aspect  ratio  of  a/b  =  2  and  a  given  support 
orientation  are  plotted  in  Figure  4  as  a  function 
of  offset  in  different  directions.  It  can  be  seen 
from  the  figures  that  all  curves  go  through  zero  at 
dA  =  0,  as  they  should.  For  reference  the 

distance  to  the  point  of  inflection  of  the 
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Gaussian  in  Che  X^-direction  is  shown  in  Che 

figure.  Since  Che  direccion  of  Che  relaCive  dis- 
placemenC  d  is  unknown,  only  Che  most  rapidly 
varying  curve  is  significanC.  IC  can  be  seen  ChaC 
as  j dl  geCs  small,  Che  curves  all  become  sCraighC 
lines  in  accordance  wich  SecCion  7.  The  figure 
shows  ChaC  Che  sensicivicy  increases  very  rapidly 
wich  small  offseC  of  cenCers,  which  clearly  demon- 
sCrades  Che  imporCance  of  care  in  fabrication^. 
Figures  5-7  show  similar  curves  for  a  rigidly  sup- 
porCed  SC-cuC  place,  a  simply  supporCed  AT-cuC 
place  and  a  simply  supporCed  SC-cuC  place, 
respecCively .  The  calculaCed  values  of  Che  corn- 
ponenCs  C^  and  C^,  which  were  defined  in  SecCion  7 

and  are  indicaCive  of  Che  influence  of  a  relaCive 
displacemenC  d  of  Che  cenCers  on  Che  normal  accel- 
eracion  sensitiviCy,  are  ploCCed  in  Figure  8  as  a 
funcCion  of  supporC  orienCaCion  for  a  rigidly  sup¬ 
porCed  SC-cuC  square  place  for  N=  1,  3  and  5.  The 
corresponding  values  of  Che  resonaCor  parameCer  C, 
which  is  Che  magniCude  of  C,  are  ploCCed  in 
Figure  9.  The  figure  shows  ChaC  Che  values  of  C 
are  abouC  Che  same  for  N  =  3  and  N  =  5  and  are  abouC 
Cwice  as  large  for  N=1,  buC  do  noc  vary  ChaC  much 
for  a  given  N.  The  calculaCed  values  of  C^  and 

are  ploCCed  in  Figure  10  as  a  funccion  of  supporC 
orienCaCion  for  a  simply  supporCed  SC-cuC  place 
wich  an  aspecC  radio  a/b  =  0.5  for  N  =  1,  3  and  5. 

The  corresponding  values  of  Che  resonacor  parameCer 
C  are  ploCCed  in  Figure  11,  which  also  shows  ChaC 
C  is  larger  for  N=1  Chan  for  N=3  and  N  =  5.  How¬ 
ever,  Chis  dime  C  shows  a  scrong  minimum  ad  a 
value  of  3  around  40°.  This  means  ChaC  for  an 
aspecC  radio  of  a/b  =  0.5  chad  orienCaCion  of  Che 
supporC  conf iguradion  is  signif icandly  insensitive 
Co  Che  cype  of  fabricaCion  imperfecCion  considered 
in  Chis  work,  i.e.,  a  relaCive  displacemenC  of  Che 
cenCers  of  Che  supporC  conf iguradion  and  che  mode 
shape . 
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Figure  1  Plan  View  of  Rectangular  Quartz  Plate 
Showing  Relative  Displacement  of  the 
Mode  Shape  and  Support  Rectangle 
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Figure  5  Sensitivity  Versus  Offset  in  Different 
Directions  for  Fundamental  Mode  of 
Rigidly  Supported  SC-Cut  Plate 


Figure  2  Cross-Section  of  Plano-Convex 

Resonator  Displaced  with  Respect 
to  the  Supports 


Figure  3  Plan  View  of  Rectangular  Quartz  Plate 

with  Opposing  Planar  Coordinate  Systems 
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Figure  4  Sensitivity  Versus  Offset  in  Different 
Directions  for  Fundamental  Mode  of 
Rfgidly  Supported  AT-Cut  Plate 
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Figure  6  Sensitivity  Versus  Offset  in  Different 
Directions  for  Fundamental  Mode  of 
Simply  Supported  AT-Cut  Plate 
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Figure  7  Sensitivity  Versus  Offset  in  Different 
Directions  for  Fundamental  Mode  of 
Simply  Supported  SC-Cut  Plate 
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Abstract 

It  is  shown  that  the  resultant  in-plane 
acceleration  sensitivity  of  contoured  quartz 
resonators  symmetrically  supported  along  rectang¬ 
ular  edges  always  vanishes.  This  result  is 
essentially  a  consequence  of  symnetry  and  applies 
to  any  shape  for  which  the  support  system  is  sym¬ 
metric  with  respect  to  the  center  of  the  mode 
shape.  When  the  active  plate  is  supported  on  one 
side  only,  a  state  of  flexure  is  induced  in  the 
resonator  which  degrades  the  in-plane  sensitivity. 
This  emphasizes  the  importance  of  a  symmetric 
support  system  to  achieve  low  acceleration 
sensitivities.  The  extensional  and  induced 
in-plane  flexural  biasing  deformations  are  deter¬ 
mined  by  means  of  the  variational  approximation 
procedure  using  the  variational  principles  in 
which  all  conditions  appear  as  natural  conditions. 
The  resulting  biasing  states  are  employed  in  the 
existing  perturbation  equation  along  with  the  mode 
shapes  of  the  contoured  resonators  to  calculate 
the  non-vanishing  acceleration  sensitivities 
when  the  resonator  is  supported  on  one  side  only. 

1 .  Introduction 

In  earlier  worki  on  the  in-plane  accelera¬ 
tion  sensitivity  of  contoured  resonators  rigidly 
supported  along  rectangular  edges  an  error  was 
made  in  the  calculations.  The  error  resulted  in 
a  severe  overestimate  of  the  in-plane  acceleration 
sensitivity.  The  error  was  found  while  performing 
the  calculations  presented  in  this  paper.  In  this 
work  it  is  shown  that  when  the  centers  of  the 
support  rectangle  and  the  mode  shape  coincide  and 
the  active  resonator  region  is  supported  symmetric¬ 
ally  on  both  sides,  the  in-plane  acceleration 
sensitivity  vanishes  for  any  orientation  and 
aspect  ratio  of  the  plate.  This  is  shown  analyt¬ 
ically  and  is  a  consequence  of  the  symmetry  of 
the  biasing  state  and  the  mode  shape.  The  demon¬ 
stration  holds  for  any  support  configuration 
which  exhibits  the  required  symmetry  with  respect 
to  the  center  of  the  mode  shape.  If  the  active 
region  is  supported  on  one  side  only,  in-plane 
flexure  is  induced  in  the  plate  and  this  results 
in  an  in-plane  acceleration  sensitivity  of  a  few 
parts  in  10^®  per  g.  This  degradation  is,  of 
course,  eliminated  simply  by  supporting  the  plate 
symmetrically  on  both  sides. 
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When  the  active  plate  is  supported  on  one 
aide  only,  an  analysis  of  the  in-plane  accelera¬ 
tion  sensitivity  is  performed.  The  biasing  state 
is  determined  by  decomposing  the  problem  into  an 
extensional  and  flexural  part.  First  the  exten¬ 
sional  biasing  state  is  determined  by  means  of  our 
variational  approximation  procedure  which  has  been 
used  in  earlier  work2>3.  The  resulting  solution 
for  the  extensional  biasing  state  defines  the 
associated  flexural  problem.  The  flexural  biasing 
state  is  obtained  by  means  of  our  variational 
approximation  procedure  using  the  variational 
principle  for  anisotropic  static  flexure,  in 
which  all  conditions  appear  as  natural  conditions^1. 
The  calculated  biasing  deformation  fields  are 
employed  in  an  existing  perturbation  equation^ 
along  with  the  mode  shape  for  the  contoured 
resonator**  to  calculate  the  in-plane  acceleration 
sensitivity.  Results  are  presented  for  a  few 
cases  when  the  active  plate  is  supported  on  one 
side  only. 

2.  Preliminary  Considerations 

For  purely  elastic  nonlinearities  the  equa¬ 
tion  for  the  perturbation  in  eigenfrequency”*  may 
be  written  in  the  form  given  in  Eq.(2.1)  of  the 
previous  paper  (Ref. 7),  which  we  reproduce  here 
for  completeness 

v =  v2v  * =  v  v  (2-i} 

where  is  and  uj  are  the  unperturbed  and  perturbed 

eigenfrequencies,  respectively.  It  has  further 
been  shown  that  may  be  written  in  the  form 

given  in  Eq.(2.10)  of  Ref. 7,  which  we  also  repro¬ 
duce  here  for  completeness 

V-  KYMa<,L<MdV’  (2'2> 

where  ^  is  defined  in  Eq.(2.4)  of  Ref. 7  and 
all  other  quantities  are  defined  in  Sec. 2  of  Ref. 7. 
Since  g^  denotes  the  normalized  mode  shape  in  the 
contoured  resonator  and  from  Eq.(2.4)  of  Ref. 7 
^LyMo  dePends  on  the  biasing  state,  can  be 
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evaluated  when  the  mode  shape  in  the  resonator 
and  biasing  state  are  known. 

Since  the  plate  is  thin,  for  in-plane  accel¬ 
eration  the  equations  of  anisotropic  plane  stress 
apply.  For  anisotropic  plane  stress  the  stresses 
vanish  and  only  R^  exist,  where  we  have 

introduced  the  convention  that  A,  B,  C,  D  take 
the  values  1  and  3  and  skip  2.  The  equations  for 
anisotropic  plane  stress  may  be  written  in  the 
form 

KAB,A  -  0aB  -  °*  <2-3) 

where  a,,  denotes  the  acceleration  in  the  plane  of 
B 

the  plate  and  the  anisotropic  constitutive  equa¬ 
tions  for  plane  stress  may  be  written  in  the  form 


in  the  cross-section  in  Fig.l.  As  a  consequence 
of  this  the  plan  view  shown  in  Fig.  2  refers  to 
the  extensional  portion  of  the  problem  only  and  we 
must  add  a  flexural  portion  to  the  problem  result¬ 
ing  from  the  actual  location  of  the  resisting 
forces  in  the  frit  below  the  plate  rather  than  at 
the  center-plane  of  the  plate.  This  is  done  on 
the  cross-sections  in  Fig. 2,  in  which  the  actual 
state  on  the  left  is  decomposed  into  the  exten¬ 
sional  state  on  the  top  right  and  the  flexural 
state  on  the  bottom  right.  As  noted  in  the  Intro¬ 
duction,  clearly  the  extensional  problem  is 
treated  first  and  thus  defines  the  associated 
flexural  problem.  As  a  consequence  of  the  geometry 
of  the  supporting  frit,  we  now  take  the  displace¬ 
ment  Wg  in  the  tangential  direction  of  the  sup¬ 
porting  frit  to  vanish. 


KAB  '^ABCD^D’ 


ECD  2  ^WC,D+WD,C^’ 


(2.4) 


and  V  are  Voigt's  anisotropic  plate  elastic 
ABCD 

constants,  which  are  defined  in  Eq.(3.5)  of 
Ref.  7.  From  the  relaxation  of  the  stresses  R.,L, 
we  have 


cw\^vsEs 


(2.5) 


which  enables  us  to  obtain  all  the  strains 


Sx 


when  a  solution  is  known  as  well  as  the  rotation 
from  the  relation 


°13 


2  (W3,1*W1.3)- 


(2.6) 


However,  the  rotations  Q».  cannot  be  obtained  from 

2A 

a  solution  because  of  the  relaxation  of  the  K2l‘ 

Nevertheless,  the  flexural  type  plate  rotations 

fj„.  are  taken  to  vanish  in  the  case  of  uncoupled 
2A 

anisotropic  plane  stress,  which  is  the  kinematic 
uncoupling  assumption  for  anisotropic  plane 
stress.  Accordingly,  we  have 


n2A  =  ° 


and  now  with  (2.4)  -  (2,7)  and 


'k,l  =  Erl  +  ' 


(2.7) 


(2.8) 


we  have  the  three-dimensional  displacement  gradients 
for  the  extensional  portion  of  the  biasing  deforma¬ 
tion  field,  which  is  required  for  the  evaluation 

of  cr  ,  of  Ref. 7. 

LyMc* 


3 .  Decomposition  into  Extensional  and  Flexural 
Biases 


On  account  of  the  stubbiness  of  the  cross- 

section  of  a  frit,  we  model  its  resistance  to  the 

normal  displacement  w  of  the  center-plane  of  the 
n 

plate  as  a  simple  variable  shear  strip,  which 
yields 


=  2C  lry 

(n) (n)  +  n  ’ 

(3.1) 

k  =  2ntf/3h2  , 

(3.2) 

in  which  p,  is  the  appropriate  shear  modulus 
depending  on  the  direction  in  which  the  frit  runs, 
and  we  have  ignored  the  deformation  in  the  frit 
to  this  approximation  because  hf  «h.  Further¬ 
more,  in  accordance  with  the  discussion  in  the 
previous  paragraph  concerning  the  tangential 
displacement  along  the  frit,  we  have 

«s  -  0,  (3.3) 

at  the  frit. 

As  already  noted,  in  view  of  the  location  of 
the  resisting  forces  in  the  frit  below  the  center- 
plane  of  the  plate,  we  have  the  left  cross-section 
shown  in  Fig.  2,  which  results  in  the  extensional 
problem  shown  at  the  top  right  that  has  already 
been  discussed  and  the  associated  flexural  problem 
is  shown  at  the  bottom  right.  In  the  flexural 
problem  we  make  the  conservative  assumption  that 
the  bottom  support  plate  carries  none  of  the 
applied  moment  since  we  do  not  consider  the  manner 
in  which  the  bottom  plate  is  supported,  which 
determines  the  flexibility.  Clearly  the  couple 
associated  with  the  flexural  problem  is  given  by 

M  =  F(h  +  hf)  .  (3.4) 

4.  Extensional  Biasing  Deformation 


A  plan  view  and  cross-scction  of  the  plate 
when  supported  on  one  side  only  are  shown  in  Fig.l 
along  with  the  coordinate  system.  Since  the  plate 
is  thin,  the  equations  of  anisotropic  plane  stress 
introduced  in  Sec. 2  apply  in  the  extensional  portion 
of  the  problem,  for  which  we  take  the  resisting 
forces  due  to  the  fries  to  lie  in  the  center-plane 
of  the  plate  rather  than  below  the  plate  as  shown 


The  extensional  problem  has  been  defined  in 
Sec. 3  with  the  aid  of  Fig. 2.  Clearly  the  equa¬ 
tions  of  anisotropic  plane  stress,  i.e.,  Eqs.(2.3) 
and  (2. 4), apply.  From  Eqs.(3.1)  and  (3.3)  we  have 
the  boundary  conditions 

W3  =  °J  Kll±klWl  =  0  atXl  =  ±a>  lx3!  « b , 
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wL  =  0, 


K33  ±k3u3  =  0 


at  X  *  ib  ,  |  X  |  sa  . 

J  (4.2) 


We  now  transform  the  inhomogeneities  from  the 
differential  equations,  which  consist  of  (2.3)  with 
(2.4),  into  the  boundary  conditions  (4.1)  by  writing 


w 


A 


+  w. 


where 

wL  =  A^X2  -  b2),  W3  =  A3(X2  -  b2)  -  pa3b/k3. 


(4.2) 

(4.3) 


The  substitution  of  (4.2)  with  (4.3)  into  (2.3) 
with  (2.4)  yields 


Y11W1, 11  +  *15*1,31  +Y55W1,33  +V35W3,  33 
+  (V13  +V55)W3,31  +V15W3,11  =  °* 


Y15Wl,U  +  (Y13+v55)“l,31+Y35i)l,33 
+  Y33W3,33  +  2V35W3,31+Y55W3,11  =  0’ 


(4.4) 


since  A^  and  A3  are  selected  as 

D  (Y33al  '  Y35a3) 
A.  -  -r  2 - 

(Y33Y55  *  Y35) 


£  Cy35  1  '  Y55  3* 
A3  '  2  .  2  , 

Y33Y55  '  v35} 


(4.5) 


The  further  substitution  of  (4.2)  with  (4.3)  and 
(2.4)  into  (4.1)  yields  the  transformed  edge  condi¬ 
tions,  which  for  brevity  we  do  not  bother  to  write 
here  . 


As  a  solution  of  (4.4)  we  write 


'Vs 


iv  X, 
m  1 


Am 


(4.6) 


where  the  w^  are  polynomials  in  X^  and  X3,  which 

satisfy  (4.4)  and  certain  boundary  conditions  and 

are  discussed  a  little  later  on  for  convenience, 

and  v  =  mTr/2CTa  and  a  is  chosen  to  be  an  irrat- 
m 

ional  number  (here  2tt)  in  order  that  neither 

cos  v  a  or  sin  v  a  vanish.  Hie  substitution  of 
m  m 

(4.6)  into  (4.4)  yields 


[YllVm  +  *15  VI.  +  Y55^]Blm  +  [Y35^  + 


+  (Y13+Y55)Vm+Y15Vmj  S3m  =  °’ 
tY15Vm  +  (Y13+Y55)\,Vm+Y35TL2]  9lm  + 

+  tY33TL2  +  *35Vm+Y55Vm]  B3m  =  °  ’  <4*7> 


for  each  m.  Equations  (4.7)  constitute  a  system 
of  two  linear  homogeneous  algebraic  equations  in 


B,  and  pL  ,  which  yields  nontrivial  solutions 
lm  3m 

when  the  determinant  of  the  coefficients  vanishes. 
The  vanishing  of  the  determinant  yields  four  roots 

S<P> 


(p  =  1,2, 3,4)  for  each  vm  with  four  sets  of 

By  scaling  this  is 


amplitude  ratios  b5P^: B~P^ 
lm  3m 


independent  of  m.  Hence,  as  a  solution  of  the 
boundary  value  problem  we  may  write 


“a  =  WA 

A  A 


4  iTi(p)X 

■I  I  «"’*  *■  3« 


iv  X, 
m  1 


(4.8) 


p=l 


,(m) 


where  the  D  are  amplitude  coefficients  still  to 
P 

be  determined.  By  satisfying  the  three  transformed 
homogeneous  edge  conditions  w,  =  0  at  X3  =  b  and 

we  obtain 


K33  ±  =  0  at  X3  =  ±  b  for  each 


D(m)  =  (m)  (m) 

P  P  ’ 


(4.9) 


(m) 


where  the  g'“y  are  obtained  by  satisfying  the 
P  g 

three  edge  conditions 
taken  in  the  form9 


The  polynomials  w.  are 
A 


w  =  D  (X  -  b)  -  D  (X,  -  b)[C  C.X.  +  C_(X,  +b)]  , 
lo3  o3  o  1  1  2  3  ’ 


r33 


35  - 

TTX  D  X  +  D 
+  k,b  o  3  o| 


C3  + 


/V35  „  Y13 


3  v 


X.  - 

‘y55  1  Y 


55 


[c„(c 

b))'*C4<,,3'b!>]  - 


which  satisfy  the  same  three  homogeneous  edge 
conditions  as  well  as  (4.4).  The  Cr  in  (4.10) 

depend  on  the  material  coefficients  and  the 

geometry  and  are  too  lengthy  to  present  here®,  and 

D  and  D  are  amplitude  coefficients  still  to  be 
00 

determined.  The  substitution  of  (4.9)  into  (4.8) 
enables  us  to  write 


w 

A 


i  d  w*1^1 '*3) 

m  p=l  (4.11) 


The  solution  functions  in  (4.11)  satisfy  the 
differential  equations  (4.4)  and  the  above 
mentioned  three  transformed  homogeneous  edge 
conditions,  but  they  do  not  satisfy  the  remaining 
boundary  conditions.  We  satisfy  these  latter 
conditions  by  means  of  a  variational  approximation 
procedure.  Since  the  solution  functions  satisfy 
the  differential  equations  exactly  and  one  edge 
condition  is  of  constraint  type  and  the  other  is 
of  natural  type,  all  that  remains  of  the  varia¬ 
tional  principle  in  which  all  conditions  are 

unconstrained  is 

J  w(s){K(n)(s)dS  ‘  I  (k(n)W(n) 

s  s 

±K(n)(n)>  6%)  dS  =  0-  <4-12) 
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Substituting  from  (4.2)  into  (4.12)  and  utilizing 
the  fact  that  certain  edge  conditions  have  been 
satisfied  exactly,  we  obtain 


-  J*1 


J  w1«13L  „  h  dXl  + 

a  a3 

b  X  -a 


+  J  <*3+13>*13l_  "V  J(klV*l 


+  kiwi  +Kn)5“i  dx3  '  J 

1  Xj-a  -b 


J  (kl”l  ‘  ' 


+  klWl'Kll)6“l  dx3  =  0»  (4.13) 


K11  =  2(Y13A3  +  Y15A1)  X3  * 


(4.14) 


and  the  notation 


means  the  quantity 


evaluated^at  a  minus  the  quantity  evaluated  at  -a 

and  the  f>K._  are  obtained  from  (2.4)  with  w. 

AB  A 

instead  of  w^  since  the  A^  are  fixed  and  the 

variation  of  prescribed  quantities  vanishes. 
Substituting  from  (4.2),  (4.3),  (4.10)  and  (4.11) 
into  (4.13)  and  performing  the  integrations,  we 
obtain 

y  V  a  D(m)6D(n)  +  Y  b  5D(n)  =  0, 

Li  Li  mn  u  n  ’ 


m, n  =  0,  0,  ±1,  ±2,  ...  ±  N,  (4.15) 


From  the  discussion  in  Sec. 3  it  is  clear  that  the 
boundary  conditions  are  given  by 


(°) 

w2  =  °. 


=  ±  *1  at  Xx : 


*  ±  at  X3  «  ±  b, 


“j.  =  2h  Ku,  m3  >  2h"K33,  (5.3) 

and  and  K33  are  obtained  from  the  extensional 
biasing  state  at  m  a  and  X^  =  b,  respectively 

As  in  Sec. 4  of  Ref. 7,  the  problem  defined  by 
(5.1)  and  (5.2)  cannot  be  solved  exactly.  Conse¬ 
quently,  a  variational  approximation  procedure  is 
employed,  as  in  Ref. 7.  To  this  end  we  first 
transform  the  inhomogeneities  at  X,  =  ±  a  into  the 
edge  conditions  at  X3 =  ±  b  by  writing 

(0)  *(0)  »(0)  *(0)  mlXl  2  2 

W2  =w2  +u2  >  w2  — 3 -  <*i  *  a  ),  (5.4) 

4h  YU* 

which  when  substituted  into  (5.1)  yields  Eq.(4.4) 
of  Ref. 7.  Since  as  in  Sec. 4  of  Ref. 7  there  are 
four  roots  of  the  homogeneous  differential  equa- 
*.(2) 

tions,  by  satisfying  w,  =  0  at  X,  =+a  and 

-d)  1  1 

=  0  at  Xj  =  ±a,  the  solution  function  can  be 
written  in  the  form 


1(1 


iT)(p)X 


*  1)d 


,  .  iv  X_ 
(n)  n  3 
e 


where  0  and  0  refer  to  the  amplitudes  DQ  and  0o, 
respectively.  The  expressions  for  amn  and  b^ 

are  too  lengthy  to  present  and  provide  no  addi¬ 
tional  understanding.  Since  the  variations  6DV 
are  arbitrary,  we  obtain 


Ya  D( 

Lt  mn 


-  bn>  m,n  =  0,  0,  ±1,  ±2,  ...  ±N, 


(4.16) 


which  constitute  2N  + 2  inhomogeneous  linear  alge¬ 
braic  equations  in  the  2N + 2  unknown  the 

inversion  of  which  gives  the  approximate  solution. 
We  consistently  obtain  good  convergence  for  N<14. 

5.  Flexural  Biasing  Deformation 


where  v  is  chosen  and  the  gv 
n  °p 


are  found  in  the 


same  way  as  in  Sec. 4  of  Ref. 7.  For  general  aniso¬ 
tropy  this  problem  must  be  solved  variationally 
using  the  variational  condition  in  (4.11)  of 
Ref.  7,  which  results  in  the  linear  algebra 


a  D(n)  =  -  b  , 
mn  n’ 


m,n=  ±1  ,  ±2, 


where  a^  and  b^  are  too  lengthy  to  present  and 

provide  no  additional  understanding. 

Equations  (5.6)  constitute  2N  equations  in  the  2N 

unknowns  D^n^,  the  inversion  of  which  gives  the 
approximate  solution.  We  consistently  obtain  good 
convergence  for  N  <  14. 


When  the  plate  is  supported  on  one  side  only, 
as  shown  in  Figs.l  and  2  and  discussed  in  Sec. 3, 
flexure  is  induced  in  the  resonator.  From 
Eqs.(3.1),  (3.3),  (3.4)  and  (3.7)3  of  the  previous 

paper  (Ref. 7),  we  obtain  the  flexural  differential 
equation  for  the  problem  here  in  the  form 

3  h  YABCDW2,CDAB  =  °  •  (5,1^ 


It  should  be  clear  that  this  in-plane  flexural 
biasing  state  can  be  completely  eliminated  simply 
by  supporting  the  plate  symmetrically  on  both 
sides. 

6.  The  Mode  Shape  in  the  Contoured  Resonator 

A  schematic  diagram  of  the  contoured  crystal 
resonator  along  with  the  associated  coordinate 
system  is  shown  in  Fig. 3.  It  has  been  shown  that 
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the  eigensolution  for  the  dominant  displacement  of 
the  harmonic  modes  in  a  contoured  quartz  resonator 
can  be  written  in  the  form0 

nnX.  iuu  t 

2  noo  _  ,  ,  c 

u,  *  sin  -T7—  u  e  ,  n  *  1,3  5  ,  ... 

In  2h  noo  (61) 

where  , 

x;2  x;2 

-cr  -5-  -P  -7- 

n  l  n  t  // 

a  =  e  e  ,  (6. 2) 

noo  9 


in  which 


2  2.(1)  , 

n  tt  c  0  2 

- t -  •  P 

8RhV 

o  n 


2  2.(1) 
n  tt  c 

8Rh3P' 
o  n 


and  M'  and  P '  are  involved  lengthy  expressions 
n  n 

Chat  are  defined  in  Sec. II  of  Ref. 6  along  with 
Xj  and  X^,  which  are  orthogonal  directions  in  the 

plane  of  the  plate  for  which  the  scalar  differ¬ 
ential  equation  for  the  nth  anharmonic  family  of 
modes  does  not  contain  mixed  derivatives  and  R 
denotes  the  radius  of  the  spherical  contour.  The 
eigenfrequencies  corresponding  to  the  eigensolu¬ 
tion  for  the  harmonic  modes  are  given  by 

,  2  2.(1)  _  ,  .2h  .1/2 

2  _  n  tt  c  f.  ,  1  ( _ o\ 

'’’noo  ..2  1_  nTT  \  R  / 


where  c  is  defined  in  Eq.(78)  of  Ref. 6. 

In  the  in-plane  case  being  considered  in  this 
work  only  the  dominant  displacement  field  in  (6.1) 
is  needed.  Consequently,  the  equivalent  trapped 
energy  mode  employed  in  Ref. 7  is  not  required 
here. 

7.  Acceleration  Sensitivity  for  Symmetric 
Support  Structure 


When  the  solid  coordinate  system  is  employed 
from  (2.3)  and  (2.4)  the  differential  equations 
are  given  by 

VABCDWC,DA  '  PaB  *  °  >  (7’2^ 

and  the  boundary  conditions  are  given  by  (4.1) 

When  the  dotted  coordinate  system  is  employed, 
the  differential  equations  are  given  by 

\ABCDWC,DA'  paB  ”  °*  (7,3] 

and  the  differentiation  is  with  respect  to  the 
dotted  coordinate  system.  The  boundary  conditions 
are  still  given  by  (4.1),  but  now  the  +  and  - 
locations  refer  to  the  opposite  edges  and  that  has 
no  influence  because  the  boundary  conditions  are 

symmetric33.  Since  A,  B,  C,  D  take  the  values  1 
and  3  only  and  the  transformation  is  given  by 
(7.1),  we  have 


If  we  define  w_ 


“  ”  ™  'C  _WC  and  n°te  that  “B  “B>  “ 
is  clear  that  (7.3)  can  be  written  in  the  form 

VABCDWC,DA  '  paB  ~  °>  (7-5) 

which  is  the  same  as  Eq.(7.2),  Thus  we  have  shown 
that  the  differential  equations  and  boundary 
conditions  are  exactly  the  same  in  either  coordi¬ 
nate  system  shown  in  Fig. 3.  Hence  the  w.  and  w 

A  A 

can  contain  terms  only  of  the  forms  E(X^)  E(X3) 

and  0(X1)  0(X3>  or  £(5^)  Efitj)  and  0(5^)  OOCj), 

respectively,  because  the  physical  result  must  be 

12 

independent  of  the  coordinate  system  .  Further¬ 
more,  an  examination  of  the  perturbation  integral 
(2.2)  shows  that  the  in-plane  acceleration  sensi¬ 
tivity  vanishes  for  all  terms  of  the  form  EE  and  00 
because  of  the  symmetry  of  the  mode  shape.  Hence, 
we  have  shown  that  the  in-plane  acceleration 
sensitivity  of  the  contoured  resonator  vanishes 
when  the  support  configuration  is  symmetric. 


In  this  section  it  is  shown  analytically  that 
the  in-plane  acceleration  sensitivity  vanishes  when 
the  support  configuration  is  symmetric  with  respect 
to  the  center  of  the  mode  shape.  To  this  end 
recourse  is  had  to  the  plan  view  shown  in  Fig. 4, 
in  which  the  solid  coordinate  system  from  Fig.l  is 
reproduced  along  with  the  dotted  coordinate  system 
obtained  by  means  of  a  rotation  of  tt  about  X£. 

The  transformation  from  the  solid  to  the  dotted 
coordinate  system  is  given  by 


The  argument  presented  holds  for  the  case  of 
rectangular  supports  and,  in  fact,  for  any  symmetric 
shape  with  symmetric  boundary  conditions. 


8.  Calculated  Results 

From  Sec.  6  we  now  know  and  from  Secs. 2,4 

and  5  and  Secs.  2  and  3  of  Ref.  7  we  know  c,  ,,  for 

LyMo 

in-plane  acceleration  when  the  plate  is  supported 
on  one  side  only.  Hence,  we  can  now  evaluate  H 

p 

in  Eq.(2.2).  When  the  plate  is  supported  symmet¬ 
rically  on  both  sides,  the  analysis  in  Sec. 7  shows 
that  H  always  vanishes.  Consequently  calcula¬ 
te 

tx.  .is  have  been  performed  using  the  known  values 
13  14 

of  the  second  ordar  and  third  order  elastic 
constants  of  quartz  when  the  plate  is  supported  on 
one  side  only.  The  calculated  components  of  the 
acceleration  sensitivity  for  in-plane  flexure  of  an 
SC-cut  square  plate  are  plotted  in  Fig. 4  as  a  func¬ 
tion  of  support  orientation.  The  corresponding 
magnitude  of  the  resultant  in-plane  acceleration 
sensitivity  is  plotted  in  Fig. 6.  The  figure  shows 
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chat  the  in-plane  sensitivity  remains  in  the  vicinity 
of  a  few  parts  in  1010  per  g.  However,  as  indi¬ 
cated  earlier,  the  in-plane  acceleration  sensitivity 
can  readily  be  made  to  vanish  simply  by  supporting 
the  plate  symmetrically  on  both  sides.  This 
dramatic  increase  in  the  in-plane  acceleration 
sensitivity  with  an  asymmetric  support  system 
underscores  the  importance  of  a  symmetric  support 
system  along  with  care  in  fabrication  to  achieve 
consistently  low  acceleration  sensitivities 
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Summary 

Predominant  thickness-shear  frequencies  and  modes 
of  a  crystal  plate  with  electrodes  of  arbitrary  shape  and 
mass  distribution  are  obtained  by  a  finite  element  method 
based  on  Mindlin’s  first-order  equations  with  platings. 
These  frequencies  and  modes  are,  in  turn,  employed  in 
a  purturbation  method  for  computing  the  acceleration 
sensitivity  of  crystal  resonators  with  electrodes. 

Computations  are  made  for  a  square  AT-cut  quartz 
plate  which  is  supported  by  a  four-point  mount  and  coated 
with  identified  square  and  uniform  electrodes  on  the  upper 
and  lower  faces  of  the  plate.  To  study  the  effect  of  uneven 
distribution  of  electrode  mass,  acceleration  sensitivities  are 
calculated  when  a  small  mass  is  added  at  various  locations 
near  the  edges  of  the  square  electrodes.  It  is  found 
that  the  percent  increase  of  the  acceleration  sensitivity 
of  the  resonator  with  a  small  added  mass  to  that  of  the 
resonator  without  added  mass  ranges  from  3.8%  to  541.7%, 
depending  on  Tie  location  of  the  small  mass  placed  at  the 
edges  of  the  electrodes. 

1.  Introduction 

Acceleration  sensitivity  of  crystal  resonators  de¬ 
pends  on  a  number  of  resonator  parameters.  In  our  previous 
papers,  effects  of  support  numbers,  orientation  of  the 
support  configurations,  support  structures,  plate  thickness, 
and  plate  orientations  on  the  acceleration  sensitivity  of 
unelectroded  quartz  resonators  were  studied.1-3 

When  the  resonators  which  are  coated  with  elec¬ 
trodes  are  subjected  to  accelerations,  the  additional  stresses 
developed  in  the  crystal  plate  due  to  the  body  force  exerted 
on  the  electrodes  were  accommodated  in  a  set  of  six 
plate  equations  for  crystal  plates  with  electrodes.  These 
equations  were  employed  for  calculating  the  initial  stresses 
and  then  the  acceleration  sensitivity.4  It  is  found  that  the 
percent  increase  of  the  acceleration  sensitivity  due  to  the 
additional  stresses  is  proportional,  essentially,  to  the  ratio 
of  the  mass  of  the  electrodes  to  the  mass  of  the  plate.  For 
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usual  applications  in  resonators,  the  mass  ratio  is  about 
0.5%  or  less.  Hence,  this  effect  on  tin*  increase  of  the 
acceleration  sensitivity  is  very  small. 

Electrode  mass  also  has  the  mechanical  effects  in  ( 1 ) 
reducing  the  values  of  the  thickness-shear  resonances  and 
(2)  changing  the  mode  shapes  and  trapping  the  vibrational 
energy  in  the  plated  area  when  the  plate  is  excited  between 
the  cut-off  frequency  of  an  infinite  plate  with  electrodes  and 
that  of  an  infinite  plate  without  electrodes.  '  hi  the  present 
paper,  the  frequencies  and  mode  shapes  at  the  predominant 
thickness-shear  resonances  are  calculated  for  crystal  plates 
with  electrodes  of  arbitrary  shape  and  mass  distribution 
by  a  finite  element  method  based  on  Mindlin's  first -order 
plate  equations.  The  thickness-shear  frequencies  and  mode 
shapes  are  employed,  in  turn,  in  a  perturbation  method  to 
compute  the  acceleration  sensitivity  of  resonators  coated 
with  electrodes. 

For  systematic  study  of  uneven  electrode-mass  dis¬ 
tribution  on  the  acceleration  sensitivity,  we  first  consider  a 
square  AT-cut  plate  which  is  coated  with  identical  upper 
and  lower  electrodes  of  square  shape  and  uniform  mass 
ratio  and  is  supported  with  a  four-point  mount.  Then  a 
small  additional  electrode-mass  is  added  to  a  small  area  at 

the  edges  of  the  uniform  and  square  electrodes.  From  the 
computed  results  it  is  found  that  the  percent  increase  of  the 
acceleration  sensitivity  of  the  resonator  with  a  small  added 
mass  to  that  of  the  resonator  without  added  mass  ranges 
from  3.8%  to  541%  depending  on  the  location  of  the  small 
mass  placed  at  the  edges  of  the  electrodes. 

Based  on  the  result  of  present  investigation  we 
conclude  that  the  uneven  distribution  of  electrode  mass 
may  be  one  of  the  dominating  causes  of  the  wide  variations 
of  acceleration  sensitivity  in  measured  values6  7. 

2.  Equations  of  Incremental  Vibrations 
of  Plated  Crystal  Plates  under  Initial  Stresses 

Conside-  a  crystal  plate  with  thickness  2b  and  mass 
density  p.  It  is  plated  with  identical  upper  and  lower 
platings  of  thickness  2b’  and  density  p' . 
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Gowiniiig  vquafioiis  of  iii<T<'iii'*ntnl  vibrations  ot 
unplatt’d  crystal  plat<-  uinlrr  initial  str^srs  art*  given  in 
previous  papers*  \  These  equations  an*  modified  slightly 
for  the  plated  crystal  plates  as  follows. 


Stress  Equations  of  Motion 
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where 


/?  =  2/////V  (2) 

is  the  ratio  of  mass  of  electrodes  to  the  mass  of  the  plate 
per  unit  area, 
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are  the  zero-ami  first  order  initial  deformation  gradients, 
11 1" * ■  ^1” ' •  'h"> >  i,n<l  ^h"1-  n=(),l,  are  the  nth-order  incre¬ 
mental  displacements,  stress  tensors,  face-tractions,  and 
body  forces,  respectively,  and  U*"1  arc  the  nth-order  initial 
displacements. 

Stress-Strain  Relations 
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and  are  the  incremental  strains  and  Er"1  and  Er" 

are  the  initial  strains. 


St  r ain-displacement.  Relations 
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\V  e  note  that  in  case  of  no  lmtiaJ  stresses  (  1 )  reduce 
to  the  Mindlin  s  six  first-order  equations  for  plates  with 
electn  >des. 

The  factors  tl-rR)  and  l.-r2Rl  associated  to  u^1 

and  u j1 1  in  (1|  are  obtained  in  a  manner  similar  to  that 
given  in  Ref.  5.  and  they  are  identical  to  those  in  the  two- 
dimensional  equations  derived  by  the  trigonomitrical  series 
expansion1 1 . 

Closed  form  solutions  of  tlnckuess-shear  and  flexural 
vibrations  of  an  infinite  AT  cut  quartz  plate  with  strip 

electrodes  were  obtained  by  Mindlin  and  Lee a’  Thickness 
shear  and  flexural  vibrations  of  rectangular  AT-cut  plate's 
with  uniform  and  patched  electrodes  wen-  studied  by  Lee. 
Zee  and  Brebbia  by  the  finite  element  method  for  numerical 
solutions.1 1 

In  the  present  paper.  Mindlin's  first -order  equations 
for  plates  with  electrodes  (which  are  obtained  from  (1) 
by  letting  initial  displacements  equal  to  zero)  are  solved 
numerically  for  crystal  plates  with  triclinic  symmetry  and 
with  electrodes  of  arbitrary  shape  and  mass  distribution  by 
extending  the  finite  element  code  developed  previously  by 
Lee  and  Tang.12  The  thickness-shear  resonoes  and  modes 
so  obtained  shall  be  employed  in  a  perturbation  method  to 
compute  the  acceleration  sensitivity  of  crystal  resonators 
coated  with  electrodes. 

3.  Acceleration  Sensitivity  of  Resonators  with  Electrodes 

When  a  resonator  is  subject  to  a  steady  aecelerat ior. 
of  magnitude  lg  in  the  jq  direction  (i  =  1.2,3).  the  initial 
strains  and  initial  deformation  gradients  due  to  the  body 
force  are  calculated  by  a  finite  element  method  based  orr  the 
six  coupled  equations  for  crystal  plates  with  electroties.4  By 
inserting  these  initial  fields  into  the  frequency  equation  of 
th<'  fundamental  thickness  vibrations  of  the  crystal  plate 
and  employing  the  resortat.ee  frequencies  arrd  modes  of 
the  free  incremental  vibrations  as  unperturbed  solutions, 
frequency  changes  due  to  the  accelerations  are  calculated 
by  a  perturbation  method  and  acceleration  sensitivity  F  are 
computed  according  to  the  defintion 


r  =  irf  +  rj  +  r2)!/‘  (per  </>  (7) 

where 

r,  =  </,  -/„)//„.  (S) 

We  note  that  f„  is  the  thickness-shear  resonance 
frequency  of  flic  elect roded  plate  without  being  subjected 
to  acceleration,  and  /,  is  the  thickness-shear  resonance  fre¬ 
quency  when  the  plate  is  subjected  to  a  steady  acceleration 
of  magnitude  lg  in  the  .r,  direction. 

For  computations,  we  choose  a  square  AT-cut  quartz. 
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plate  ol  1 « ■  m ti, 1 1  i  2/  14.00mm  ami  thickness  2b  =  0.2Smm. 

It  is  routed  with  identical  square  electrodes  of  length 
2a-5.Gmin  on  the  upper  and  lower  hu  es  and  is  supported 
by  f<  air  met  al  rihhons  at  the  intersect  ions  c  if  the  plate  edges 
with  the  r  i  and  j  axes.  The  rihhon  is  made  of  molyhde- 
ntnii  |  E  -  27.079  x  lO'dynes/min'.  n  — 0.32)  with  length 
h—  1.143mm  and  rectangular  cross  section  (0. 0177mm  • 
1.524mm).  A  finite  element  mesh  with  400  elements  to 
represent  the  square  plate  is  shown  in  Fig.  1  in  which  R 
denotes  the  mass  ratio  iu  the  square  elect roded  region  and 
Ii'  indicates  the  mass  ratio  in  a  sum  11  hatched  area  formed 
by  four  plate  elements. 

The  thickness-shear  frequency  SI.  the  mode  shapes 
ft]  tilong  the  .r,  anti  .r  i  axes,  and  the  acceleration  sensitiv¬ 
ity  I  are  calculated  for  the  AT-cut  plate  without  electrodes 
and  they  are  given  in  Fig.  2.  where 


n  —  nnmlier  of  plate  elements.  (®) 

I  <  ~  element  length. 

Computational  lesiilts  for  the  AT-cut  plate  with 
uniform  square  electrodes  (R=0.005)  tire  shown  in  Fig.  3. 
By  comparing  Fig.  3  with  Fig.  2.  we  see  that  the  value  of  Q 
is  decreased.  u\n  is  more  trapped  in  the  elect  roded  region, 
and  r  is  slightly  decreased  when  the  plate  is  coated  with 
electrodes. 

In  order  to  investigate  tile  effect  of  the  uneven 
distribution  of  electrode  mass  on  the  acceleration  sensi¬ 
tivity.  additional  masses  are  added  to  the  small  regions 
I  R '  =  0.01 )  denoted  by  the  numerals  1  to  5  in  Fig.  4. 
Computational  results  corresponding  to  the  small  masses 
placed  at  locations  1  to  5  tire  given  in  Figs.  5  to  9. 
respectively.  It  may  be  seen  from  these  figures  that,  the 
unbalanced  small  mass  destroys  the  symmetry  of  the  mode 
shapes  and  hence  increases  the  values  of  the  acceleration 
sensitivity  which  ranges  from  T  =  1.022  x  10_lo/</  at 
locations  3  to  F  —  G.315  x  10 -lu/y  at  location  1,  depending 
on  the  elastic  symmetry  of  the  crystal.  For  AT-cut 
plate,  the  effect  on  the  acceleration  sensitivity  from  the 

unbalanced  mass  is  symmetrical  with  respect,  to  the  ji¬ 
nxes. 

Computations  are  also  made  for  the  case  of  two 
identical  masses  being  placed  at  locations  1  and  5  and 
results  are  shown  in  Fig.  10.  It  is  soon  that  when  two 
small  masses  are  placed  symmetrically  with  respect  to  the 
center  of  the  plate  the  mode  shape  becomes  symmetric 
again  and  hence  the  value  of  T  reduces  hack  almost,  to 
r„  —  0.9S1  x  lO1”///  which  is  the  acceleration  sensitivity 
of  AT-cut  plate  with  uniform  square  electrodes  (without 
added  mass). 


Values  of  r,.r.  and  AT /T„.  where  AT  =  T  -  T,,.  of 
above  discussed  niso  aie  listed  in  Table  1. 

From  the  present  computational  results  we  conclude 
that  unevenly  distributed  electrode  masses  may  be  one 
of  the  dominating  cause;-  for  wide  variations  of  measured 
values  ot  acceleration  sensitivities  for  crystal  resonators  and 
placing  electrode  mass  symmetrically  with  respect  to  the 
center  of  tie.  plate  may  reduce  F  practically  to  its  lower 
bound  value  T„  which  is  the  acceleration  sensitivity  of  the 
plate  with  perfectly  centered  and  uniform  electrodes. 
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ABSTRACT 

This  paper  reports  the  results  of  tests  performed  on  two 
experimental  10  MHz  VCOs  utilizing  dual  BVA  reso¬ 
nators  specifically  designed  for  low  acceleration  sensi¬ 
tivity.  The  goal  of  this  experiment  is  to  achieve  very  low 
phase  noise  under  quiescent  as  well  as  vibration 
conditions.  Test  results  indicate  that  the  experimental 
VCOs  have  acceleration  sensitivities  which  are  an  order 
of  magnitude  lower  than  those  of  VCOs  presently  in  use. 

INTRODUCTION 

The  Frequency  Standards  Test  Laboratory  at  the  Jet 
Propulsion  Laboratory  (JPL)  is  responsible  for  the  test 
and  implementation  of  frequency  generation  equipment 
in  NASA’s  Deep  Space  Network  (DSN).  Certain 
assemblies  and  components  of  the  Frequency  and 
Timing  Subsystem  (FTS)  are  located  in  the  cones  of 
tracking  antennas  where  they  are  subjected  to  uncon¬ 
trolled  environmental  conditions  —  vibration,  tem¬ 
perature  extremes,  stray  magnetic  fields,  RF  radiation, 
etc.  The  very  stringent  requirements  placed  on  FTS 
equipment  challenge  the  performance  of  state-of- 
the-art  frequency  sources  as  well  as  the  associated  dis¬ 
tribution  system. 

A  pair  of  dual  BVA  type  resonators  has  been  designed 
and  fabricated  for  JPL  by  Dr.  Raymond  Besson  of 
Laboratoire  de  Chronom6trie  Electronique  Piezoelec¬ 
tricity  Besan$on  Cedex,  France.  These  quartz  reso¬ 
nators  have  been  oriented  specifically  for  minimizing 
acceleration  sensitivity.  The  two  dual  resonators  have 
been  incorporated  into  two  10  MHz  VCOs  built  by 
Frequency  and  Time  Systems  (FTS),  Inc.  of  Beverly, 
Massachusetts,  under  contract  to  JPL.  This  paper 
reports  the  Frequency  Standards  Test  Laboratory’s 
results  of  testing  the  VCOs  under  environmental  con¬ 
ditions  simulating  those  at  the  DSN  antennas. 

PERFORMANCE  TESTS 

Following  delivery  in  late  1989,  the  two  10MHz  VCOs 
underwent  extensive  testing  at  JPL’s  Frequency  Stan¬ 
dards  Test  Laboratory  (FSTL).  Phase  noise  measure¬ 
ments  were  made  utilizing  FSTL’s  standard  test 
procedure  [1], 


*This  work  represents  one  phase  of  research  carried  out 
at  the  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology,  under  a  contract  with  the  National  Aero¬ 
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Dynamic  acceleration  testing  was  performed  with  the 
VCOs  in  the  phase  noise  test  configuration  with  the 
exception  that  the  test  oscillator  was  subjected  to  con¬ 
trolled  vibration  to  measure  acceleration  sensitivity  [21. 
Magnetic  field  susceptibility  tests  also  were  made  with 
the  test  device  in  the  same  configuration.  The  test 
oscillator  was  placed  inside  an  ac  Helmholtz  coil  where 
the  magnetic  field  magnitudeand  frequency  were  varied. 

Short  term  stability  as  well  as  oscillator  aging  tests  were 
performed  with  the  VCOs  under  controlled  tempera¬ 
ture,  relative  humidity,  and  pressure  in  the  FSTL’s 
environmental  test  chamber.  Finally,  temperature, 
humidity,  and  pressure  were  cycled  one  at  a  time  with 
the  other  two  parameters  fixed  to  observe  the  effects  on 
the  VCO  frequency. 

RESULTS 

The  first  of  the  two  VCOs  (FTS  001)  was  resonant  70 
Hz  below  the  specified  10  MHz  frequency.  This  offset 
in  oscillator  frequency  necessitated  the  use  of  a  scheme 
wherein  the  output  of  the  VCO  is  multiplied  up  in 
frequency  so  that  a  valid  phase  noise  test  could  be  made 
against  a  known  reference  source.  Figure  1  shows  the 
test  setup  for  phase  noise,  acceleration  sensitivity,  and 
magnetic  field  susceptibility  tests. 


Figure  1.  Phase  Noise  Measurement  Test  Setup,  FTS  00 1 

The  test  frequency  for  this  configuration  is  approxi¬ 
mately  8100  MHz.  Due  to  the  extremely  low  accelera¬ 
tion  sensitivity,  y,  of  the  resonator,  the  small  argument 
Bessel  function  is  valid  for  acceleration  sensitivity 
calculations.  Phase  noise  measurements,  shown  in 
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Figure  2,  indicate  a  single-sided  phase  noise  of  approx¬ 
imately  -114  dBc  at  1  Hz  from  the  carrier  and  a  phase 
noise  floor  of  approximately  -155  dBc  (phase  noise 
referred  to  10  MHz).  The  second  VCO  (FTS  002), 
although  precisely  on  frequency  proved  to  have  higher 
phase  noise  than  FTS  001  (see  Figure  3). 


10"'  10°  10'  102  103  101  105 


FREQUENCY  OFFSET  FROM  CARRIER  (Hz) 


Figure  2.  Phase  Noise  Test  Results,  FTS  001  at  8100  MHz 


1 0"  'l  0°  1  o'  1 02  1 03  1 04  1  o5 


FREQUENCY  OFFSET  FROM  CARRIER (Hz) 

Figure  3.  Phase  Noise  Test  Results,  FTS  002  at  10  MHz 

Allan  deviation  results  for  the  two  test  VCOs  are  shown 
in  Figure  4  and  Figure  5,  respectively.  The  short  term 
stability  for  FTS  001  is  5  x  1 0  13  at  1  second  and  at  ten 
seconds.  The  aging  rate  for  each  oscillator  is  approxi¬ 
mately  lx  l  o " l0/  Day.  The  short  term  stability  for  FTS 
002  is  1 .5  x  l  o  12  at  one  second.  FTS  002  later  was 
found  to  have  frequency  jumps  of  1  x  1 0 " 10  at  six  to  ten 
hour  intervals. 


X  -  seconds 


Figure  4.  Allan  Deviation  Results,  FTS  OOt 


X  -  seconds 


Figure  5.  Allan  Deviation  Results,  FTS  002 

Dynamic  acceleration  test  results  are  shown  in  Figures 
6  through  9.  The  VCOs  were  vibrated  at  several  different 
fixed  frequencies  as  well  as  being  subjected  to  random 
vibration  tests.  The  phase  noise  floor  virtually  remained 
unchanged  for  both  VCOs  under  acceleration  test  con¬ 
ditions.  The  acceleration  sensitivity,  r,  was  determined 
after  measuring  the  acceleration  sensitivity,  y  for  each 
resonator  axis.  The  calculations  for  y  are  based  on 
Filler’s  results  [3], 
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Acceleration  sensitivities  for  FTS  001: 


Acceleration  sensitivities  for  a  high  quality  VCO: 
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Figure  G.  Acceleration  Sensitivity  Test.  FTS  002 


Acceleration  sensitivities  for  FTS  002: 
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Figure  7.  Dynamic  Acceleration  Test.  FTS  00  f  at  8 1 00  MHz 
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Figure  8.  Dynamic  Acceleration  Test,  FTS  002 


Figure  1 1  is  the  result  of  exposing  the  VCO  to  a  1  gauss 
(rms)  magnetic  field.  Apparently  additional  magnetic 
shielding  must  be  added  to  reduce  the  magnetic  field 
susceptibility. 


/  GAUSS  mu  AT  55  Hi 


Figure  9.  Acceleration  Sensitivity  Comparison  of  Dual  BVA 
VCO  (FTS  002)  with  High  Quality  VCO 


Temperature  dependence  of  the  VCO  frequency  is 
shown  in  Figure  10.  Results  indicate  a|  =  3.6x  10"10/ 

°C.  The  test  chamber  was  cycled  between  +  15  °C  and 
+  35  C  with  the  relative  humidity  constant  at  20%  and 
the  pressure  constant  at  1  atmosphere.  Tests  were  run 
with  the  humidity  and  pressure  cycled  individually. 
Pressure  and  humidity  test  results  are  not  shown  in  this 
paper. 
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Figure  It.  Magnetic  Susceptibility  Test,  FTS  002 

CONCLUSIONS 

The  primary  goal  of  the  experiment  was  realized  in  that 
the  acceleration  sensitivity  of  the  two  experimental 
VCOs  is  an  order  of  magnitude  lower  than  that  of  VCOs 
presently  available.  It  is  believed  that  with  more  strin¬ 
gent  specifications  on  the  VCO  packaging  and  periph¬ 
eral  control  circuitry  that  the  other  VCO  problems  can 
be  overcome.  Careful  screening  of  the  resonators  is  a 
necessity. 
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Introduction 

Progress  in  reducing  the  acceleration 
sensitivity  of  resonators  to  a  consistent  value 
below  10~10  per  g  has  been  very  slow.  A 
possible  reason  for  the  slow  progress  is  that  an 
important  factor  controlling  the  sensitivity  of 
resonators  has  been  overlooked. 

When  the  crystal  is  under  acceleration  the 
electrical  leads  bend  and  stretch  causing 
changes  in  the  series  inductance  and  shunt 
capacitance.  The  distributed  characteristics  of 
the  other  electrical  parasitics  may  also  cause 
changes  in  resonance  frequency. 

This  suggests  a  coupling  of  elastic  and 
electrical  properties  in  the  crystal  mounting 
structure  and  associated  electrical  paths.  A 
theory  is  presented  which  shows  the 
acceleration  sensitivity  degradation  due  to  this 
new  factor  can  have  magnitudes  01  1010  per 
g.  Experimental  data  is  also  presented  which 
tends  to  support  the  theory. 

Theory 

In  this  section  the  following  subjects  are 
discussed: 

1.  The  exact  electrical  impedance  of  a 
lossless  single  thickness  mode 
piezoelectric  resonator  with  a  series 
electrical  inductance  and  a  shunt 
electrical  capacitance.  All  overtones 
are  included  in  the  derived  impedance 
equation. 

2.  The  computer  algorithm  for  calculating 
the  exact  electrical  impedance  of  a 
lossy  single  thickness  mode 
piezoelectric  resonator  with  a  series 
electrical  inductance  and  a  shunt 
electrical  capacitance.  The  effects  of 
loss  are  included  in  the  calculation 
empirically.  The  loss  can  be  made 
frequency  dependent  to  allow 
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matching  experimental  values  of 
motional  i  distance  of  all  of  the 
overtone  modes  of  interest. 

3.  Some  calculations  of  resonance 
frequency  (reactance  =  0)  of  the  single 
thickness  mode  piezoelectric  resonator 
with  series  electrical  inductance  and 
shunt  electrical  capacitance. 

4.  Some  calculations  of  the  movement  of 
crystal  blanks  inside  a  package  and  the 
resonance  frequency  shifts  associated 
with  the  resultant  changes  in  the  series 
electrical  inductance  and  electrical 
shunt  capacitance. 


Now  for  the  discussions  of  the  above  subjects. 

1 .  The  electrical  impedance  of  the  lossless 
single  mode  thickness  mode 
piezoelectric  resonator. 

The  electrical  impedance  of  the  lossless  single 
thickness  mode  piezoelectric  resonator  may  be 
written  as: 


k2 


j*u*C0 


k2 


tan(x) 

x 


(l) 


*-(!)•  (i)  m 


fa  is  the  parallel  resonance  frequency,  CO  is 
the  clamped  capacitance,  k  is  the  piezoelectric 
coupling  coefficient,  and  is  the  angular 
frequency1,2. 

Two  reviews  of  the  published  work  on  the 
derivation  of  Equation  (1)  give  references  to 
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most  of  the  earlier  work  1,2 


Equation  ( 1 )  expresses  the  electrical  impedance 
of  the  resonator  for  all  frequencies  so  that  all 
overtone  series  resonance  frequencies  can  be 
obtained. 

It  is  assumed  that  Equation  (1)  represents  the 
electrical  impedance  of  a  multimode  resonator 
well  enough  for  the  purposes  of  this  paper. 
Although  the  effect  of  the  other  modes  on  the 
mode  of  interest  can  be  included  in  the 
calculations2,  these  other  mode  effects  are 
beyond  the  scope  of  the  present  paper. 

The  addition  of  a  shunt  electrical  capacitance 
(Cs)  and  a  series  electrical  inductance  (Ls)  to 
the  resonator  gives  an  electrical  impedance  that 
can  be  expressed  as  3: 


Z - - - 

j*u+(CO+Cs) 


tanO) 


(3) 


where  x  -  i-j  (4) 


fa  is  the  parallel  resonance  frequency,  CO  is 
the  clamped  capacitance  and  w  is  the  angular 
frequency.  Ke  is  an  effective  coupling 
coefficient  defined  in  equation  (5). 

Equation  (3)  shows  that  the  series  inductance 
has  two  primary  effects.  The  first  effect  is  to 
lower  the  series  resonance  frequency  as  if  the 
piezoelectric  coupling  coefficient  (k)  had 
increased.  In  fact  an  effective  piezoelectric 
coupling  coefficient  (ke)  can  be  defined  for 
series  resonance  frequency  calculations  as: 


k2 

1  -  to2  *Ls *  (C0+ Cs) 


(5) 


The  second  effect  is  to  make  the  series 
resonance  frequency  depend  on  the  \alue  of 
the  shunt  electrical  capacitance.  In  the  absence 
of  the  series  inductance  the  series  resonance 
frequency  of  the  resonator  does  not  depend  on 
the  value  of  the  shunt  capacitance  (CO)  of  the 
resonator  or  on  the  added  shunt  capacitance 
(Cs). 

When  the  packaged  resonator  is  accelerated, 
the  mass  of  the  crystal  blank  causes  the 
electrical  leads  to  stretch  and  bend  (and  twist) 
These  motions  of  the  electrical  leads  produce 
changes  in  the  series  inductance  and  in  the 
shunt  capacitance,  leading  to  changes  in  the 
resonance  frequency  of  the  resonator. 

A  thesis  of  this  paper  is  that  these  changes  in 
the  electrical  characteristics  of  the  mounting 
leads  must  be  controlled  by  proper  design  in 
order  to  fabricate  devices  with  consistent 
acceleration  sensitivities  below  about  1x10  10 
per  g.  Some  order  of  magnitude  estimates  of 
these  effects  will  be  discussed  in  Part  3  and 
Part  4  of  this  section  of  this  paper. 

2.  The  computer  algorithm  for  adding 
loss  to  the  calculation  of  the  electrical 
impedance  of  the  resonator. 

Loss  needs  to  be  added  to  Equation  (3)  to 
improve  the  accuracy  of  calculated  results. 
Electrical  loss  can  be  included  in  the 
calculations  rather  easily  by  adding  a  resistance 
in  series  with  Ls  and  a  second  resistor  in  shunt 
with  CO  and  Cs.  Elastic  or  motional  loss  is 
more  difficult  to  model  because  there  are  three 
main  sources,  i.e.,  boundary  condition  losses, 
mounting  losses,  and  material  losses.  For  the 
purposes  of  this  paper  the  elastic  loss  is  added 
empirically  to  make  the  calculated  and 
measured  motional  resistances  agree.  The 
empirical  electrical  loss  can  depend  on 
frequency  so  that  calculated  and  measured 
motional  resistances  agree  for  all  of  the 
overtones  of  interest. 


The  value  of  the  parallel  resonance  frequency 
(fp  -  crystal  reactance  =  0)  is  also  needed  for 
the  calculation,  fp  can  be  estimated  from  a 
direct  measurement,  or  from  measurements  of 
series  resonance  frequency  (fs),  motional 


inductance  (LI),  or  motional  capacitance  (Cl) 
from: 

o*Ii - - - - - 0  (6) 

p  < o*Cl  (o*C0 

p  p 


<*>  *L1 - -0  (7) 

5  G)  *C1 


where-.  (8) 

P  *  P  9  S  3 


For  the  calculations  reported  in  this  paper  the 
electrical  losses  are  assumed  to  be  small. 

The  Algorithm 

a.  Z  =  Zc;  impedance  of  resonator  from 
Equation  ( 1 ) 

b.  Y  =  1/Z;  admittance  of  resonator 

c.  Ye  =  Y  -  j  wCO;  elastic  or  motional 
admittance  of  resonator 

d.  Zx  =  (1/Ye)  +  Rm;  motional 
impedance  +  motional  resistance 

e.  Yx  =  (1/Zx)  +  j-wCO  +  jcoCs; 
shunt  elements  added 

f.  Zz  =  (1/Yx)  +  j  o)  Ls  +  Rs;  total 
impedance  of  the  resonator 

g.  Zz  =  Rz  +  j-Xz;  definition  of  resistive 
and  reactive  parts  of  Zz 

Series  resonance  frequencies  of  fundamental 
and  overtones  are  the  frequencies  at  which  Xz 
=  0.  These  zeroes  are  found  by  a  conventional 
root  search. 

This  algorithm  was  used  to  obtain  the 
dependence  of  series  resonance  frequency  (of 
a  particular  overtone  for  a  particular  resonator) 
on  the  values  of  series  inductance  and  shunt 
capacitance.  These  results  are  discussed  in 
Part  3  of  this  section  of  this  paper. 


3.  Calculation  of  the  dependence  of 
resonance  frequency  of  a  third 
overtone  SC  cut  quartz  resonator  on 
series  inductance  and  shunt 
capacitance. 

The  results  of  some  of  the  calculations  are 
given  in  Table  1. 


Table  1 


CO  +  Cs  (nominal)  *  2.91  pF 

Fs 

=  10.0045  MHz 

C3 

-  2.3182x10-*  pF 

R3 

=  21 1  ohms 

Ls  (nH)  Cs(pF)  Fs3-1E7  Hz 

1) 

IE-4 

IE- 16  4405.12500 

2) 

20 

IE- 16  4404.94922 

3) 

40 

IE-16  4404.77344 

4) 

IE-4 

1.01E-2  4405.12500 

5) 

20 

1.Q1E-2  4404.95313 

6) 

40 

1.01E-2  4404.77734 

In  Part  4  of  this  section  these  r.^ults  will  be 
used  with  the  estimates  of  acceleration  induced 
crystal  mount  elastic  motions  and  associated 
changes  in  electrical  inductance  and 
capacitance  to  estimate  that  part  of  the 
acceleration  sensitivity  due  to  the  motions  of 
the  mounting  leads. 

4.  Lead  Stretching  and  Bending 

In  this  part  the  stretching  and  bending  of  the 
electrical  leads  of  the  packaged  crystal 
resonator  are  estimated.  Twisting  will  not  be 
considered  i.i  this  paper. 

The  changes  in  series  inductance  and  in  shunt 
capacitance  associated  with  the  motion  of  the 
leads  are  also  estimated  in  this  part. 

Table  2  lists  the  relevant  material  constants 
and  structural  parameters  for  the  calculation  of 
the  motion  of  the  parts  of  a  particular 
mounting  structure. 
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Table  2 


Acceleration  =  10  g 

Weight  of  quartz 

blank  at  10  g  =  5.678E-3  lbs 

Young’s  modu'us 

for  Ni  lead  =  30E6  lbs/in2 

Radius  of  lead  =  .009  inches 

Length  of  lead 

from  package  base  =  .5  inches 
Number  of  leads  =  2 


Lead  stretching 

The  fractional  length  change  due  to  lead 
stretching  4  is: 


where  BL  is  the  length  of  the  lead,  Rd  is  the 
radius  of  the  lead,  MU  is  the  relative 
permeability  of  the  material  of  the  lead,  and  In 
is  the  natural  logarithm  to  the  base  e. 

Table  3  presents  some  values  of  lead 
inductance  (L0)  calculated  from  Equation  (11). 


Table  3 


Relative 

Permeability 

Material  (reference) 

LO  (xlO'9  H) 

Copper  1  (5) 

17.2 

Nickel  50  (6) 

65.1 

Iron  8000  (6) 

7839.4 

From  Table  3  at  a  frequency  of  10  MHz 


A/  Fc 
l  ~  E*A 


(9) 


where  Fc  is  the  force  or  weight  of  the  quartz 
blank,  E  is  Young’s  modulus,  and  A  is  the 
cross-sectional  area  of  the  lead. 

Tor  two  leads  and  lOg  the  result  is: 


— -3.74£-7  (10) 

l 

The  inductance  of  the  unstretched  wire5,6  is 
defined  in  equation  (11). 


.17578  Hz  per  20  nH- 
176  x  10~n  per  20  nH 


Ls  L 


per  g  (13) 


(copper) -566. \E  18  U4) 
Fs 


Lq  -  5.08 *Bl*[  ln-^^  -  1 
0  Rd 


— (iron)-2580l0xl0~u 
Fs 


(15) 


ME+M  j  £_9 

4  Bl 


(ID 


These  results  show  that  for  the  mounting 
structure  considered  the  resonance  frequency 
shift  due  to  wire  stretching  during  acceleration 
is  at  most  (for  a  high  permeability  wire) 
2.6xl0~13  per  g.  At  the  10'11  per  g  level  wire 
stretching  for  this  stiff  mount  plays  no 
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significant  role. 

Lead  Bending 

When  the  acceleration  direction  is  in  the  plane 
of  the  quartz  blank,  the  motion  of  the 
unsupported  end  of  the  lead  is  toward  the  wall 
ci  the  package.  For  the  common  case  in  which 
the  package  is  metal  and  grounded  to  one  of 
the  crystal  leads,  this  motion  changes  the  shunt 
capacity  across  the  crystal.  A  small  series 
inductance  change  associated  with  the  bending 
will  be  ignored  in  this  paper.  In  the  presence 
of  the  series  inductance  of  the  lead  this  shunt 
capacitance  produces  a  resonance  frequency 
change  due  to  the  acceleration. 

Since  the  lead  is  mostly  clamped  at  the  package 
base  and  free  at  the  quartz  blank,  the 
displacement  of  the  lead  toward  the  wall  of  the 
package  is  not  the  same  at  every  point  on  the 
lead. 

The  equation  for  the  displacement  of  the  bent 
lead  for  the  case  in  which  a  force  (due  to  the 
acceleration  of  the  quartz  blank)  is  applied  to 
the  free  end  of  the  lead  with  no  bending  or 
twisting  7  is: 


(16) 

6*E*I 


Where  z  is  the  distance  from  the  base,  Fc  is  the 
force  (weight),  B1  is  the  length  of  the  lead,  E 
is  Young’s  modulus,  and  I  is  the  moment  of 
inertia  of  a  cross-section  of  the  lead 


Cs- 


2  *n*Ep 

cosh_1f—) 

Va; 


(18) 


the  wire  is  divided  into  50  segments.  Each 
segment  has  a  distance  to  the  ground  as  given 
in  equation  (16).  The  50  segment  capacitances 
are  added  to  give  the  capacitance  of  the  bent 
lead.  The  capacitance  of  the  unbent  lead  is 
subtracter*  to  give  the  capacitance  change 
associated  with  the  bending.  Table  4  gives  the 
results  of  a  calculation  for  a  particular 
structure. 

Table  4 


Distance  of  lead  to  ground  plane=  .025  inch 

Diameter  of  lead 

=  .010  inch 

Length  of  lead 

=  .5  inch 

Cap.  change/g  for  1  lead 

=  3.6xl0'15fds/g 

Cap.  change/g  for  2  leads 

=  1.8Exl0~15fds/g 

From  Table  1  at  a  series  lead  inductance  of  20 
nH: 


^p--3.91xi0'10  per  10  u  fd  (19) 
of  shunt  capactance  change 


n*Rd4 

4 


(H) 


The  capacitance  per  unit  length  of  a  straight 
wire  with  round  cross-section  to  a  ground 
plane8  is  given  by: 

where  Ep  is  the  permittivity  (=  8.85e- 1 2 
fds/meter  for  vacuum),  h  is  the  distance  of  the 
wire  center  to  the  ground  plane,  and  a  is  the 
radius  of  the  wire. 

To  estimate  the  capacitance  of  the  bent  wire. 


— -3.91x10-'° 
Fs 


'  1.8x70  15 
k  lx70'14  , 


-.7x7  O' 10 


(20) 
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This  result  of  .7xlO"10  per  g  for  the  rather  stiff 
selected  mounting  configuration  supports  the 
thesis  of  this  paper  that  the  electrical  effects 
associated  with  the  deformation  of  the 
mounting  structure  must  be  considered  in  the 
design  of  quartz  resonators  with  expected 
acceleration  sensitivities  much  less  than 
lxlO'10  per  g. 

Experimental  Methods 

The  effects  we  are  looking  for  on 
acceleration  sensitivity  are  small.  Good 
experimental  techniques  are  needed  to 
achieve  the  measurement  resolution  required. 
Two  effects  were  of  primary  concern  in  this 
experiment;  cable  effects  and  crystal 
orientation.  Both  of  these  effects  can 
degrade  the  acceleration  sensitivity 
measurements  by  an  order  of  magnitude. 
When  these  effects  have  been  eliminated  a 
high  degree  of  repeatability  can  be  achieved. 


Cable  Effects 

Watts,  et.  al.9  and  Driscoll10  show  the 
effect  of  cables  on  the  measurement  of 
acceleration  sensitivity.  Cable  effects  must  be 
minimized  by  measuring  the  crystal  in  all  six 
axes.  Each  axis  must  be  measured  with  the 
cable  up  and  the  cable  down.  The  magnitude 
of  rx  is  then  given  by: 

IT  1+tT  .  I 

tp J-  j£  (21) 


Figure  1  shows  how  the  cable  effect  adds 
vectorially  to  the  r  and  rdown  measurements 
along  the  x-axis.  The  cable  must  be  kept  in 
the  same  position  if  the  acceleration  effects  of 
the  cable  are  to  be  corrected.  Changing  the 
position  of  the  cable  may  change  the  direction 
and  magnitude  of  the  cable  acceleration 
sensitivity  contribution.  All  three  axes  must 
be  corrected  in  this  same  manner. 


The  cable  effect  was  the  spark  that  started 
the  thinking  into  the  effect  of  vibration  on  the 
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Figure  1  Cable  effects  on  the 
measurement  of  r 


acceleration  sensitivity.  What  causes  the  cable 
effect?  Could  it  be  the  change  in  shunt 
capacitance  or  series  inductance  as  the  cable 
vibrates. 

Resonator  Orientation 

The  orientation  of  the  resonator  in  the 
mounting  structure  is  known  from  theory  to 
affect  the  acceleration  sensitivity.  The  number 
of  mounts  is  also  known  to  affect  the 
acceleration  sensitivity.  Shick  and  Lee  describe 
these  effects  in  recently  published 
works11,12. 

For  the  experiments  reported  on  in  this 
paper  a  two  point  crystal  mount  was  selected 
because  of  its  simple  symmetry  and  ease  of 
implementation.  The  optimum  orientation  of 
the  blank  in  a  two  point  mount  had  to  be 
measured.  A  fixture  was  designed  to  find  this 
orientation  as  simply  as  possible. 

The  fixture  had  to  have  several  important 
features.  The  fixture  must  mount  the  crystal 
blank  semirigidly  and  be  capable  of 
reorienting  the  crystal  easily.  The  fixture  must 
also  be  easily  flipped  in  all  three  axis  to 
measure  cable  effects. 

A  semirigid  mount  was  needed  to  minimize 
the  coupled  elastic  and  electrical  effects  in  the 
fixture.  This  allows  a  measurement  of  the 
effects  of  selected  wires  added  in  series  with 
the  crystal.  The  fixture  was  designed  in  such 
a  way  that  the  crystal  could  be  easily 
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reoriented  with  respect  to  the  mounts.  The 
crystal  was  plated  so  that  it  could  be  measured 
at  any  angle  from  zero  degrees  to  greater  than 
90  degrees.  This  allowed  the  crystal  to  be 
optimally  oriented  for  minimum  acceleration 
sensitivity. 

The  fixture  is  also  capable  of  incorporating 
a  conventional  mounting  structure.  This 
allows  for  correlation  to  standard  resonators. 
Figure  2  is  a  diagram  of  the  crystal  as  it  was 
plated  around  the  periphery. 


Figure  2  Crystal  and  plating  pattern  for 
easy  acceleration  sensitivity  measurements 


The  fixture  was  designed  to  easily 
incorporate  a  series  wire  or  ribbon.  Figure  3 
is  a  diagram  of  the  fixture  in  the  rigid 
configuration. 

Vibration  Fixture 


Figure  4  is  a  block  diagram  of  the  fixture 
as  it  is  setup  for  measurement  with  a  series 
wire  added. 


Vibration  Fixture 


\ 

Electroded  Blank 


Figure  4  Fixture  Setup  for  Series  Wire 


Experimental  Results 

The  first  experiment  was  to  find  the 
optimum  orientation  for  the  mounting.  The 
plated  resonator  was  mounted  at  two  points. 
At  each  mount  the  resonator  was  clamped 
between  two  .040  inch  wide  .035  inch  thick 
steel  plates.  The  resonator  had  a  .050  wide 
bevel  where  the  crystal  was  clamped.  The 
resonator  was  carefully  placed  in  the  fixture 
and  measured  at  many  orientations. 
Repeatability  was  checked  frequently  and 
found  to  be  2-3xl0'n/g  in  each  axis  for  the 
semirigid  configuration.  Figure  5  shows  the 
measured  acceleration 
sensitivity  as  a  function  of  orientation. 


\ 

Electroded  Blank 


Figure  3  Fixture  for  Semi-rigid  Crystal  Setup 


Figure  5  Measured  acceleration  sensitivity  as 
a  function  of  plate  orientation. 
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After  the  orientation  for  minimum 
acceleration  sensitivity  was  found  the  resonator 
remained  at  that  orientation  during 
acceleration  sensitivity  measurements  with  a 
lead  in  series  with  one  crystal  lead. 

A  Wire  in  Series 

After  good  repeatability  was  found  in  the 
minimum  r  orientation  an  18  mil  wire  was 
placed  in  series  with  one  lead.  The  gamma  was 
then  measured  in  each  axis.  The  total  gamma 
at  lOg’s  and  50  Hz  was  measured  as  3.8x1 0'9/g. 
This  measurement  is  larger  than  what  was 
expected  from  a  series  inductance  change  in 
the  wire.  Dielectric  effects  from  the 
surrounding  Delrin  may  have  caused  greater 
changes.  Some  measurement  problems  may 
have  occurred  that  were  not  noticed.  Further 
investigations  will  have  to  be  made  on  this 
configuration. 

A  Ribbon  in  Series 

A  ribbon  was  placed  in  series  with  one  lead 
and  the  acceleration  sensitivity  measured  in  all 
three  axes  at  a  range  of  frequencies.  Mounting 
resonances  were  found  easily.  Figure  6  is  a 
graph  of  the  acceleration  sensitivity  in  all  three 
axes.  Figure  7  is  a  graph  of  the  total  gamma 
for  the  ribbon.  In  this  configuration  the 
fixture  was  wired  in  the  semirigid 
configuration  with  both  wires  at  the  top  of  the 
fixture.  Only  the  ribbons  were  added  into  the 
fixture.  The  ribbons  were  cemented  to  the 
crystal  at  the  points  were  the  minimum 
acceleration  sensitivity  was  found.  The 
resulting  acceleration  sensitivity  was  very  poor. 


Figure  8  is  a  summary  of  all  acceleration 
sensitivity  measurements  taken  with  the 
fixture.  Reasonable  repeatability  can  be  seen 
at  the  minimum  acceleration  sensitivity 
orientation.  The  measurements  in  Figure  8  are 
temporal  covering  about  35  hours  on  the 
vibration  machine.  At  the  end  of  the  test  the 
fixture  was  becoming  worn.  Some  degradation 
in  the  measurements  is  probably  due  to  fixture 
wear. 


Figure  8 
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Conclusions 


1.  In  a  simple  fixture  a  quartz  SC  blank 
can  be  made  to  have  10'n/g 
acceleration  sensitivity  reproducible. 

2.  Adding  a  loose  series  wire  appears  to 
have  produced  a  large  increase  in 
acceleration  sensitivity. 

a.  fixture  problems  included 
contact  and  solder  joint 
problems,  as  well  as  cable 
motion  problems. 

3.  Adding  a  loose  series  ribbon  produced 
even  larger  increases  in  acceleration 
sensitivity  at  certain  shake  f requencies. 

4.  The  slopes  of  the  series  resonant 
frequency  vs  series  inductance  curve 
are: 

a.  1.37e-9/nH  for  a  10  MHz  3rd  SC 

b.  1.37e-7/nH  for  a  100  MHz  3rd  SC 
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ABSTRACT 

Stable  local  oscillators  based  on 
surface  acoustic  wave  (SAW)  resonators 
have  been  proposed  for  future  use  in  Army 
electronic  systems  designed  for  airborne 
and  vehicular  applications.  The  vibration 
spectra  of  these  systems  in  conjunction 
with  the  vibration  sensitivity  of  the  SAW 
resonators  leads  to  a  degradation  in 
oscillator  phase  noise  which  may  then 
exceed  the  total  allowable  system  phase 
noise.  This  report  details  a  study  of  the 
vibration  induced  phase  noise  in  a  group 
of  SAW  oscillators  developed  for  a  low- 
noise  radar  application. 


INTRODUCTION 

Stable  local  oscillators  based  on 
surface  acoustic  wave  (SAW)  resonators 
have  been  proposed  for  future  use  in  Army 
electronic  systems  designed  for  airborne 
and  vehicular  applications.  The 
advantages  of  the  SAW  oscillator  in  such 
systems  are  reductions  in  size,  weight, 
and  power  consumption  due  to  the  high 
frequencies  (1  GHz  or  better)  obtainable 
without  the  use  of  frequency  multiplier 
chains.  The  small  size  and  simplicity  of 
SAW  resonators  leads  to  low-cost  UHF 
oscillators  with  spectral  purity  superior 
to  that  obtainable  using  any  other  UHF 
frequency  control  device. 

As  with  bulk  acoustic  wave  (BAW) 
quartz  resonators,  SAW  resonators  are 
sensitive  to  external  accelerations.  The 
resonant  frequency  fQ  of  the  SAW  device 
experiences  a  perturbation  S f  given  by 

«f  =  fQ  (r-A) ,  (1) 

where  r»A  is  the  scalar  product  of  the  SAW 
device  acceleration  sensitivity  r  (a 
vector  property  of  the  SAW  device)  and  the 
external  acceleration  field  A.  Reported 
values  for  |r|  for  SAW  devices  range  from 
10-8  per  g  ( lg  =  earth's  gravitational 


field)  for  single  SAW  devices  to  3xl0-10 
per  g  for  dual  SAW  device  structures 
employing  compensation  techniques. 

In  this  study,  measurements  of  the 
acceleration  sensitivities  of  a  group  of 
SAW  resonators  developed  for  a  low-noise 
radar  application  are  presented.  The  SAW 
resonator  designs  were  systematically 
varied  in  order  to  obtain  the  best 
possible  phase  noise  in  a  quiescent 
environment.  In  this  report  the 
relationships  between  the  design  changes 
and  the  vibration  induced  phase  noise  will 
be  discussed. 

EXPERIMENTAL  SAMPLES 

The  SAW  devices  used  in  this  study 
have  been  extensively  detailed 
elsewhere  [1].  The  experimental  matrix 
included  three  device  types  (one-port 
resonator,  two-port  resonator,  delay 
line),  two  metallization  types  (pure  Al, 


TABLE  1.  EXPERIMENTAL  MATRIX 


Device 

Type 

Transducers 
Thickness  Material 

Busbars 

Thickness 

Delay  Line 

400A 

Pure  Al 

unknown 

One-Port 

600A 

Pure  Al 

2,000k 

Two-Port 

600A 

Pure  Al 

2 , oooA 

Two-Port 

600A 

Cu-doped 
Al  *0.5% 

2 , 000A 

Two-Port 

600A 

Pure  Al 

1 

o  o 
o  o 
o  o 

vo  o 

H 

Two-Port 

400A 

Pure  Al 

2 , 000A 

Two-Port 

800A 

Pure  Al 

2 , 000A 

Two-Port 

600A 

Cr  flash 
(*60A)  + 
pure  Al 

2 , 000A 

US  GOVERNMENT  WORK  IS  NOT  PROTECTED 
BY  US  COPYRIGHT 
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(3) 


Cu-doped  Al) ,  three  transducer  thicknesses 
( 4  0  0  A ,  6  0  0  A  ,  8 0 0 A )  ,  and  three  busbar 

thicknesses  (2000A,  6000A,  10,000A). 

Details  of  the  experimental  matrix  are 
shown  in  Table  1.  A  total  of  twenty-two 
devices  were  tested,  consisting  of  twelve 
each  delay  lines,  one  each  one-port 
resonator,  and  nine  each  two-port 
resonators. 


Figure  1.  Test  system  block  diagram. 


TEST  SYSTEM 


A  block  diagram  of  the  test  system 
employed  is  shown  in  Figure  1.  In  the 
presence  of  a  sinusoidally  varying 
acceleration  field,  the  output  signal 
(carrier)  of  the  SAW  based  oscillator  will 
undergo  frequency  modulation  at  the 
sinusoidal  frequency  of  the  acceleration 
field.  The  effect  is  analogous  to  tone 
modulation  and  the  ratio  of  the  power  in 
the  n^"  acceleration-induced  sideband  to 
the  power  in  the  carrier  is  given  simply 
as 


£a<n>  =  20  log  [Jn(0)/Jo(/3)]  ,  (2) 

where  /3  is  the  modulation  index  determined 
from 


nQ  (r-A) 
0  =  - 


In  equations  (2)  and  (3),  A  is  the 
peak  acceleration,  fl0  is  the  unperturbed 
output  frequency,  fla  is  the  acceleration 
frequency,  and  r  is  the  acceleration 
sensitivity.  If  the  modulation  index  is 
less  than  0.1,  equation  (2)  simplifies  to 


£a(n) 


20  log 


fp  (r-A) 

2  «a 


(4) 


We  can  therefore  measure  r  by  applying  a 
sinusoidally  varying  acceleration  field 
via  a  shaketable  and  measuring  the  power 
in  the  acceleration-induced  sidebands 
using  a  spectrum  analyzer.  Inasmuch  as  r 
is  a  vector  quantity,  we  perform  the 
measurement  along  three  orthogonal  axes. 


The  limitations  of  the  measurement 
system  as  implemented  may  be  found  by 
first  solving  equation  (4)  for  r  and  then 
examining  the  sensitivity  of  the 
calculated  r  value  to  each  of  the  measured 
quantities  fc,  fa,  |a|,  and  Ca'n). 
Errors  in  measuring  the  sideband  levels 
contribute 


—  =  lo { c/2°)  -  i  ,  (5) 

r 

errors  in  measuring  the  acceleration 
frequency  contribute 


fir  € 


and  errors  in  measuring  either  the  peak 
acceleration  or  carrier  frequency 
contribute 


fir  -e 
r  0+e 


(7) 


In  equations  (5)  through  (7),  e  refers  to 
the  error  in  the  measurand  of  interest, 
and  0  in  equation  (7)  refers  to  the 
measurand  itself.  For  the  measurement 
system  as  implemented  here,  the  dominant 
source  of  error  is  the  sideband  power 
ratio  measurement  which  limits  the 
measurement  of  |r|  to  +19/-16%  accuracy. 

EXPERIMENTAL  RESULTS 

Sample  data  obtained  using  the 
measurement  system  are  shown  in  Figure  2. 
The  maximum  and  minimum  values  obtained  at 
each  acceleration  frequency  tested  are 
shown  as  a  function  of  the  test  frequency. 
The  labels  "Normal"  and  "In-plane"  refer 
to  measurements  normal  to  the  plane  of  the 
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SAW  resonator  and  in  the  plane  of  the  SAW 
resonator  respectively.  In  this  device  we 
observe  a  mechanical  mounting  related 
resonance  near  1kHz  which  degrades  net 
device  sensitivity  by  up  to  a  factor  of 
five  in  the  resonance  region.  We  also 
observe  that  the  mounting  technique  used 
produces  greater  repeatability  normal  to 
the  plane  of  the  SAW  as  compared  to  in  the 
plane  of  the  SAW.  The  results  of  all  the 
delay  line  measurements  are  summarized  in 
Table  2  and  the  results  of  the  resonator 
measurements  are  summarized  in  Table  3. 


-7 


Figure  2.  Sample  experimental  data. 


TABLE  2. 

DELAY  LINE 

MEASUREMENTS 

(Xl0"9/g) 

S/N 

Normal 

In-plane 

Total 

Q1359A 

22 

6.0 

25 

Q1359I2 

22 

8.0 

25 

Q1357A 

14 

<10 

16 

Q1357B 

14 

<20 

25 

Q1357C 

18 

<20 

28 

Q1398A 

21 

<9.0 

21 

Q1398B 

12 

<20 

30 

Q1402D 

22 

<20 

30 

Q1816A 

10 

<20 

20 

Q1816B 

4.5 

<14 

14 

Q1816C 

9.0 

<1.0 

14 

Q1817F 

5.0 

<50 

50 

TABLE  3. 

RESONATOR 

MEASUREMENTS 

—  I 
O'  1 
\  1 
as  1 
i  t 
o 

X  1 
— 

Type 

S/N  1 

Normal  In-plane  Total 

(Comment) 

One-Port 

Q1758-7 

12 

2.5 

12 

(baseline) 

Two-Port 

Q1773-6 

25 

1.2 

25 

(Cu-Al) 

Two-Port 

Q1773-9 

21 

2.0 

21 

(Cu-Al) 

Two-Port 

Q1823D 

14 

5.5 

15 

( 10 , 000A  busbars) 

Two-Port 

Q1824A 

<2.0 

5.0 

5.0 

(800A  transducers) 

Two- Port 

Q1825A 

<4.0 

4.0 

4.0 

(10,000A 

busbars) 

Two-Port 

Q1825D 

<6.0 

6.0 

8.0 

(10,000A 

busbars) 

Two-Port 

Q1826B 

9.0 

2.0 

9.0 

(10,000A 

busbars) 

Two-Port 

Q1826D 

9.0 

2.5 

9.5 

(10, oooA 

busbars) 

Two-Port 

Q1829A 

9.5 

2.2 

9.5 

(400A  transducers) 


INFLUENCE  OF  FABRICATION  PARAMETERS 

The  results  obtained  on  the  two-port 
resonators  may  be  used  to  study  the 
influence  of  certain  fabrication 
parameters  on  SAW  device  acceleration 
sensitivity,  although  caution  is  advised 
in  drawing  conclusions  from  a  small  sample 
lot. 
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Figures  3  through  5  show  the 
variations  in  |r|  as  a  function  of  busbar 
thickness  for  units  with  600A  thick 
transducers,  including  two  units  with  Cu- 
doped  A1  transducers.  We  observe  that  as 
the  busbar  thickness  is  increased,  the  in¬ 
plane  acceleration  sensitivity  is 
increased  while  the  normal  acceleration 
sensitivity  is  decreased,  with  the  rate  of 
improvement  in  normal  sensitivity  slightly 
larger  than  the  rate  of  degradation  of  in- 


123456789  10 

Busbar  Thickness  (x  1000  A) 


Figure  3.  Two-port  resonator  acceleration 
sensitivity  normal  to  the  plane  of  the  SAW 
device  versus  busbar  thickness. 
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Busbar  Thickness  (x  1000  A) 


Figure  4.  Two-port  resonator  acceleration 
sensitivity  in  the  plane  of  the  SAW  device 
versus  busbar  thickness. 


plane  sensitivity.  The  in-plane 
sensitivity  is  typically  less  than  the 
normal  sensitivity  for  the  units  tested 
here.  The  trend  implied  by  the  data  is 
for  equal  in-plane  and  normal  components 
at  a  busbar  thickness  slightly  in  excess 
of  10,000A. 

Figures  6  through  8  show  the 
variations  in  |r|  as  a  function  of 
transducer  thickness  for  units  with  2000A 
thick  busbars,  including  two  units  with 
Cu-doped  A1  transducers.  Without  further 
experimental  samples,  it  is  difficult  to 
determine  whether  any  trends  are  present 
or  whether  the  large  differences  in  |r| 
between  units  with  A1  transducers  and 
those  with  Cu-doped  A1  transducers  are  due 
to  the  metallization  differences. 


The  devices  tested  here  were 
developed  for  a  low-noise  radar 
application.  The  quiescent  phase  noise 
among  the  two-port  devices  of  the  various 
metallization  types  varied  by  3dB,  whereas 
the  acceleration  induced  phase  noise 
varied  by  16dB.  Unpublished  data  [2] 
indicating  similar  effects  of  similar 
magnitude  for  bulk  wave  plate  resonators 
have  recently  been  confirmed  and 
theoretical  models  for  the  effect  proposed 
[3-5].  Based  on  the  theoretical  and 
experimental  work  to  date,  it  is  suggested 
that  careful  control  of  transducer  and 
busbar  metallization  may  be  used  to 
optimize  for  acceleration  induced  phase 
noise  without  seriously  compromising 
quiescent  phase  noise. 


123456789  10 


Busbar  Thickness  (x  1000  A) 

Figure  5.  Two-port  resonator  acceleration 
sensitivity  net  vector  sum  versus  busbar 
thickness. 
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Transducer  Thickness  (x  100  A) 

Figure  6.  Two-port  resonator  acceleration 
sensitivity  normal  to  the  plane  of  the  SAW 
device  versus  transducer  thickness. 
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Transducer  Thickness  (x  100  A) 

Figure  7 .  Two-port  resonator  acceleration 
sensitivity  in  the  plane  of  the  SAW  device 
versus  transducer  thickness. 
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Transducer  Thickness  (x  100  A) 

Figure  8.  Two-port  resonator  acceleration 
sensitivity  net  vector  sum  versus 
transducer  thickness. 
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ABSTRACT 


It  is  well  known  that  the  resonant 
frequencies  of  bulk  and  surface  acoustic 
wave  resonators  can  be  slightly  perturbed 
by  external  acceleration  forces.  The 
resulting  phase  modulation  which  occurs 
when  the  resonator  is  used  in  a  filter  is 
reviewed  in  terms  of  an  effective 

acceleration  sensitivity  vector  for  the 
filter.  The  degradation  in  spectral 

purity  is  expressed  as  a  function  of  this 
sensitivity.  The  phase  shift  through  the 
filter  is  then  quantified  in  terms  of  the 
acceleration  sensitivity  and  the  filter 
group  delay.  By  considering  typical  values 
of  acceleration  sensitivity  for  bulk-wave 
resonators,  estimates  of  the  phase  noise 
induced  by  the  filter  can  be  made. 
Measurement  results  are  presented  for 
phase  noise  degradation  in  sine  and  random 
vibration.  Measured  results  on  a  5  MHz 
signal  passed  through  a  crystal  filter 
show  an  increase  in  t  of  greater  than  20 
dB  in  random  vibration  over  static  values. 
The  degradation  in  .Vllan  variance  is  also 
discussed. 


I .  INTRODUCTION 

The  resonant  frequency  of  mechanical 
resonators  can  be  slightly  perturbed  by 
external  acceleration  forces  [1].  If  the 
resonator  is  used  as  a  circuit  element, 
then  the  electrical  performance  becomes  a 
function  of  acceleration  forces.  This 
effect  is  well  known  and  has  been 
thoroughly  investigated  for  the  case  where 
the  resonator  is  used  to  stabilize  the 
frequency  of  an  oscillator  [2], [3].  if 
the  resonator  is  used  as  a  frequency 
selective  filter,  then  the  transfer 

CH2818-3/90/0000-493  $1,00  0  1990  IEEE 


function  of  the  filter  must  also  become  a 
function  of  external  acceleration  forces. 
In  the  case  of  a  vibrating  filter,  the 
transfer  function  becomes  a  function  of 
time.  Since  the  equivalent  circuit  for 
the  resonator  is  varying  with  time,  a 
rigorous  solution  of  the  output  spectrum 
for  this  case  would  then  involve  the 
solution  of  a  differential  equation  with 
varying  coefficients.  This  often  is  not  a 
practical  approach.  Because  the  resonator 
shift  is  a  small  percentage  of  the  actual 
frequency,  a  numerical  solution  is  also 
not  trivial. 

By  estimating  the  phase  shift  due  to 
acceleration,  expressions  for  the 
ensuing  reduction  in  frequency  stability 
for  the  case  of  a  sinusoidal  input  signal 
have  been  developed  [4].  These 
expressions  are  briefly  reviewed  below. 


II.  FREQUENCY  STABILITY  DEGRADATION 

For  the  case  of  a  sinusoidal  input 
signal  to  a  crystal  filter,  a  small  change 
in  the  center  frequency  of  the  filter  will 
result  in  a  phase  shift.  A*,  of 

d0 

=  2*—  AF  =  2*rgAF  (1) 

where  AF  is  the  change  in  the  center 
frequency  of  the  filter  and  rg  is  the 
filter  group  delay.  with  an  estimate  of 
phase  shift,  the  traditional  measures  of 
frequency  stability  can  be  analyzed.  In 
the  frequency  domain,  the  expression  for 
sinusoidal  vibration  becomes 

*dB(f)  -  201og(,rTgForeffAp(f)]  (2) 

where  ^eff  denotes  the  effective 
G-sensitivity  of  the  filter.  Note 
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that  the  20  dB  per  decade  rolloff  which 
occurs  in  crystal  oscillators  does  not 
occur  in  crystal  filters.  Since  the 
acceleration  sensitivity  vector  of  the 
filter  may  differ  from  that  of  the 
individual  resonators,  an  effective 

acceleration  sensitivity  is  defined  to 
distinguish  the  two  quantities. 

For  the  case  of  random  vibration,  the 
induced  noise  may  be  estimated  from 

*dB(f)  =  201og(*rgFo?eff  G\J  2Sg(f)  ']  (3) 

where  Sg  is  the  spectral  density  of 

vibration  in  G2/ Hz  and  u  is  a  unity  vector 
in  the  direction  of  acceleration. 

The  reduction  in  frequency  stability 
in  the  time  domain  is  given  by 

a jy(r)  =  sin2(*fv)  (4) 

A  subtle  point  which  must  be  noted  in 
these  expressions  is  that  rg  is  the  group 
delay  at  the  input  frequency  of  the 
signal,  not  at  the  induced  noise  offset 
frequency.  Thus,  in  the  case  of  random 
vibration  with  white  frequency 
distribution,  one  would  expect  that  the 
induced  noise  spectrum  would  not  vary 
significantly  with  offset  frequency, 
(ie.  "flat"  vibration  input  causes  "flat" 
induced  noise  spectrum) .  In  practice, 
this  is  a  good  approximation  for  single 
crystal  filters  but  some  variation  is  seen 
for  multiple  resonators.  This  is  not 
suprising,  considering  that  each  resonator 
acts,  in  a  sense,  as  a  filter  for  signals 
induced  by  other  resonators.  In  addition, 
vibration  resonances  may  cause  significant 
variations  in  the  noise  response. 


III.  PHASE  NOISE  MEASUREMENTS 

Phase  noise  measurements  on  a 
vibrating  filter  can  be  performed  in  the 
same  manner  as  any  two  port 
measurement.  [5]  Of  course,  one  must  take 
care  to  ensure  that  fixtures,  cabling  and 
other  elements  do  not  contribute  excessive 
phase  modulation.  Two  methods  are 
commonly  used  to  measure  the  phase  noise 
of  two  port  devices.  Figure  1  shows  a 
setup  which  can  be  used  when  two  filters 
are  available,  and  Figure  2  can  be  used 
for  one  device.  The  mixer  and  baseband 
analysis  setup  used  in  the  measurements 


described  below  was  an  HP  3048A  phase 
noise  test  system.  Path  lengths  were 
adjusted  to  achieve  quadrature  at  the 
mixer  inputs. 


©- 

SOURCE 


Figure  1.  Typical  test  configuration  for 
two  filters. 


Figure  2.  Typical  test  configuration  for 
one  filter. 


The  configuration  of  Figure  2 
provides  a  suppression  of  the  source 
phase  noise  of  [5] 

Att (dB)  =  -201og| 2sin(»frg) |  (5) 
Figure  3  shows  that  the  attenuation  of  the 
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reference  oscillator  noise  is  quite 
effective  for  small  offset  frequencies. 
Note  that  since  sina  **  8  for  small  angles, 
the  source  noise  attenuation  decree  as  by 
20  dB  per  decade  for  offset  frequencies 
much  less  than  l/2*Tg.  Since  the  noise  of 
an  oscillator  decreases  by  30  dB  per 
decade  at  small  offsets,  the  noise 
spectrum  shows  a  1/f  characteristic,  or 
a  10  dB  per  decade  slope. 


Figure  3.  Source  attenuation  vs.  product 
of  group  delay-offset  frequency. 

The  use  of  two  filters  provides  an 
additional  advantage  in  that  the  effective 
group  delay  for  source  noise  suppression 
is  the  difference  in  group  delay  between 
the  two  signal  paths.  This  advantage 
reduces  the  source  noise  out  tc 
considerably  higher  offset  frequencies. 


IV.  MEASURED  RESULTS 

To  verify  the  measurement  apparatus 
and  cabling,  measurements  were  taker 
under  static  and  vibration  conditions  with 
the  filter  removed.  Figure  4.  shows  the 
measured  results  for  both  cases.  Since 
the  environment  where  the  measurements 
were  performed  was  quite  noisy,  no 
attempts  were  made  to  suppress  the  floor 
noise.  The  actual  floor  noise  of  the 
filters  was  considerably  lower  than  the 
noise  floor  of  the  system  used  for 
vibration  testing.  It  can  be  seen  that 
the  contribution  of  the  cables  was 
negligible  however. 


Figure  4.  Static  and  vibrating  cables 
only. 

Figure  5.  shows  measured  sideband  level 
vs.  vibration  amplitude  for  a  5  MHz 
crystal  filter  with  a  group  delay  of  147 
uS  at  the  center  frequency.  The 
calculated  value  of  effective  acceleration 
sensitivity  for  this  filter  is  2.73- 10-9. 
This  is  not  an  unreasonable  value 
considering  that  the  resonators  are  AT  cut 
and  not  optimized  for  G-sensitivity . 


Figure  5.  Measured  sideband  levels  vs. 
acceleration  amplitude  for  a  5  MHz  filter. 
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Figure  6  is  a  plot  of  phase  noise  during 
random  vibration  in  two  different  axis  of 
a  5  MHz  filter-  The  vector  properties  of 
acceleration  sensitivity  are  obvious. 


ie  £  (f  I  C  d  Be  '’Hi  )  wa  f  [Mi]  I0K 


Figure  6.  Phase  noise  in  two  orthogonal 
directions  for  a  crystal  filter. 

A  test  was  performed  on  a  10.25  MHz 
monolithic  filter  with  the  source 
frequency  set  to  the  edge  of  the  filter 
passband.  In  this  particular  case,  the 
input  signal  was  10.25045  MHz.  The  filter 
response  and  phase  noise  characteristics 
are  shown  in  Figures  7.  Figure  8  shows 
the  phase  noise  with  a  random  vibration 
input  of  .125  G2/Hz  over  400  to  1200  Hz. 
No  suppression  of  noise  outside  of  the 
passband  could  be  observed  for  this 
filter.  This  result  should  not  be 
generalized,  however,  since  in 
multicrystal  filters,  resonators  closer  to 
the  output  may  provide  some  suppression 
of  noise  induced  by  other  resonators.  For 
this  case,  the  effective  acceleration 
sesitivity  vector  will  vary  somewhat  with 
offset  frequency. 
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Figure  7.  Filter  frequency  response  and 
group  delay. 
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Figure  8 .  Noise  performance  during  randon 
vibration  for  the  filter  of  Figure  7. 
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The  spurious  frequencies  at  higher 
offset  frequecies  where  repeatable  and  not 
present  at  low  vibration  levels.  A 
plausible  explanation  for  this  is  that 
nonlinear  mechanisms  in  the  mechanical 
support  structure  excite  high  order,  high 
Q,  mechanical  resonances  during  randon 
vibration.  The  author  has  also  observed 
this  phenomenon  in  oscillators  under  high 
level  random  vibration. 

V.  Conclusion 

It  has  been  shown  that  crystal 
filters  (BAW  and  SAW)  may  induce  phase 
modulation  during  mechanical  vibration. 
Estimates  for  the  resulting  degradation 
in  frequency  stability  of  a  sinusoidal 
input  in  the  time  and  frequency  domain 
have  been  reviewed.  Measured  results  of 
the  phase  modulation  correlate  with 
typical  values  for  AT  cut  resonators. 
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Abstract . 

We  start  with  a  short  intro¬ 
duction  to  the  problems  of  fre¬ 
quency  synthesis  and  proceed  by 
investigating  mathematical  models 
suitable  for  DDFS  which  provide 
quasi- periodic  omission  of  clock 
pulses.  In  that  case  the  spurious 
phase-time  modulation  does  not 
exceed  one  Tj  .Its  simpli¬ 
fication  for  easier  computation 
of  major  spectral  lines  for  pulse 
rate  and  square  wave  outputs  is 
suggested.  Finally,  truncation  of 
LSB's  in  sine  wave  output  is 
considered . 

I.  Introduction. 

In  the  last  25  years 
frequency  synthesizers  replaced 
single  frequency  oscillators 
practically  in  all  fields  of  ap¬ 
plications:  in  communications,  in 
measurement  instruments,  in  ra¬ 
dars,  in  home  radio  sets,  etc. 
[1-6].  In  addition  they  are  en¬ 
countered  throughout  the  whole 
range  of  electromagnetic  waves 
from  audio  and  RF  to  microwaves 
and  optical  frequencies  (Fig.l). 

In  the  present  paper  we  are 


output  frequency  of  which  extends 
from  very  low  frequencies  up  to 
tens  of  MHz  and  lately  even  ex¬ 
ceeding  one  hundred  MHz. 


Their  major  advantages  are 
short  switching  times,  very  small 
frequency  steps,  use  of  digital 
IC  on  a  large  scale,  compatibili¬ 
ty  with  the  microprocessor 
techniques,  etc. 

However,  there  are  also 
disadvantages,  namely,  a  rather 
limited  range  of  maximum  output 
frequencies  and  often  a  bad  spe¬ 
ctral  purity.  The  last  problem 
has  been  discussed  by  many  au¬ 
thors  [7-14]  from  different 
points  of  view  in  the  past.  Here 
we  want  to  provide  some  new  in¬ 
sights. 

II.  Basic  mathematical  approach 
to  frequency  synthesis. 

An  analysis  of  working  mo¬ 
des  reveals  that  all  systems  em¬ 
ploy  a  common  software  algorithm 
i.e.  a  step  by  step  approxima¬ 
tion  of  normalized  output  fre¬ 
quencies. 

In  any  case  we  have  to 
start  by  normalizing  the  output 
frequency  or  frequencies  with 
respect  to  the  input  standard 
frequency,  i.e.  to  find  out  the 
set 

x  =  <fx/fi> 

In  practice,  x  is  generally  a 
rational  fraction  either  "ex  de¬ 
cisions  ”  or  because  its  accuracy 
is  limited  by  practical  reasons. 
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Fig.l  Present  situation  of  frequency  synthesis  techniques 

in  electromagnetic  wave  ranges  from  audio  frequencies 
till  the  visible  wavelengths. 


In  the  first  step  we  have  to 
choose  the  actual  approximation 
process  which  is  modified  by 
different  limitations  caused  by 
the  number  of  output  frequencies, 
the  required  frequency  range,  the 
used  hardware,  the  desired  spec¬ 
tral  purity,  the  acceptable  cost 
etc . 

Let  us  briefly  recall  the 
basic  mathematical  models  suita¬ 
ble  for  the  frequency  synthesis 
software . 

A/  Series  expansions: 

Cantor  series, 
synthesizer  series  [1], 
systematic  fractions, 
modified  Engel  series  [15]; 

B/  continued  fraction  expansions; 
C/  product  expansions; 

D/  Modulo-N  arithmetics. 


III.  Mathematical  models  suitable 
for  DDFS's. 


If  we  need  one  single  out¬ 
put  frequency  only  it  is  a  better 
choice  to  use  a  special  software 
since  in  these  instances  we  can 
synthesize  the  output  frequency 
with  no  or  extremely  small  error 
and  in  addition  we  get  the  smal¬ 
lest  possible  content  of  spurious 
side  bands.  The  difficulty  is 
that  we  are  not  able  to  use  DDFS 
chips  from  the  shelf. 

The  leading  idea  is  to  re¬ 
move  pulses  in  a  quasiper iodic 
manner  from  a  clock  pulse  train. 
There  are  two  approximation  soft¬ 
wares  which  make  possible  the 


process:  continued  fraction  and  The  block  diagram  of  the  necessa- 

modified  Engel  series  expansion  ry  hardware  is  shown  in  Fig.  2. 

[15]. 


A/  One  single  output -frequency .. 

If  we  need  one  single  out¬ 
put  frequency  only  it  is  a  better 
choice  to  use  a  special  software 
since  in  these  instances  we  can 
synthesize  the  output  frequency 
with  no  or  extremely  small  error 
and  in  addition  we  get  the  smal¬ 
lest  possible  content  of  spurious 
side  bands.  The  difficulty  is 
that  we  are  not  able  to  use  DDFS 
chips  from  the  shelf. 

The  leading  idea  is  to  re¬ 
move  pulses  in  a  auasiper iodic 
manner  from  a  clock  pulse  train. 
There  are  two  approximation  soft¬ 
wares  which  make  possible  the 
process:  continued  fraction  and 
modified  Engel  series  expansion 
[15]. 

1/  Continued  fraction  expansion. 


Fig. 2  Block  diagram  of  a  pulse 
rate  DDFS  based  on  con¬ 
tinued  fraction  expansion. 


By  assuming  that  the  norma¬ 
lized  output  frequency  is  given 
by 

Jx  =  Jo  =  X/Y  (2) 


where  both  X  and  Y  are  relative¬ 
ly  prime  integers  we  proceed  the 
step  by  step  approximation  as 
follows 


h  - 

etc . 

J°  = 


b0  + 

1/ 

> 

fl  :  hQ  =  int  f0 

'  J  (3) 

hi  + 

1/ 

p2  i  bl  =  ir'r  fl 

** 

'  (4) 

1 

ho  + 

1 

bi  + -  (5) 

1 

b2  + - 


2/  Modified  Engel  series  expan¬ 
sion  . 

This  step  by  step  approxima¬ 
tion  has  been  successfully  used 
as  a  mathematical  model  for  DDFS. 
The  algorithm  applied  on  the  nor¬ 
malized  frequency  is  as  follows: 


f  o  -  7°  ~  co  1/7*1 

(6a) 

cQ  =  int(^rD  +  1) 

(6b) 

=  1/<C0  -  7*0 ) 

(7) 

and  for  k  £  2 

X  k+i  =  Xk/(T k  - qk) 

(8) 

where 

Qk  =  int(^/*jj)  k  =1,2,.. 

(9) 
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and  the  final  expansion  is  given 
by 

1  1 


n=l 

The  application  of  this  expansion 
is  illustrated  in  Fig.  3  where  a 
block  diagram  for  generation  of 
the  half  of  color  carrier  in  the 
European  PAL  TV  system  is  shown. 


Fig. 3  Block  diagram  of  a  DDFS 
based  on  Modified  Engel 
series  expansion  (  the  nu¬ 
merical  example  shows  ge¬ 
neration  of  the  European  PAL 
color  subcarrier). 


Frequency  synthesizers  with 
one  output  frequency  are  required 
only  in  rare  instances.  Whereas 
devices  with  variable  output 
frequencies  are  encountered  much 
more  often  and  DDFS's  based  on  IC 


may  simplify  the  hard-ware  con¬ 
siderably  and  at  the  same  time 
provide  very  small  tuning  steps. 
Low  frequency  synthesizers  from 
“DC"  to  some  30  to  130  MHz  are 
based  directly  on  Modulo-N  a- 
rithmetics.  However,  in  instances 
with  limited  or  higher  frequency 
ranges  we  take  recourse  to 
systems  with  fractional  frequency 
dividers . 

1/  Modulo-N  arithmetics. 


- - 
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Fig. 4  Block  diagram  of  a  DDFS  ba¬ 
sed  on  modulo-N  arithmetics. 

The  principle  can  be  deduced 
from  Fig. 4.  At  each  cycle  or 
pulse  of  the  clock  signal  a 
number  ,  k  ,  which  represents  a 
phase  increment,  is  added  to  that 
stored  in  the  accumulator- 
register.  Every  time  the  register 
overflows  an  output  pulse  is 
generated  and  a  new  period  of 
accumulation  is  started,  however, 
with  a  modulo  -  N  remainder 
(smaller  than  k)  in  the  memory. 
As  a  consequence  the  output  pulse 
rate  has  the  mean  frequency 

k 

fX  =  —  fi  (ID 

N 

which  can  easily  be  changed  by 
reprograming  the  "word"  k  in  the 
steering  memory  block  -  see  Fig. 4 
Further,  in  practical  devices  N 
is  generally  equal  to  a  large 
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power  of  2  [  12,  14  etc.],  i.e. 

N  =  2r  (12) 

By  starting  with  zero  in  the 
accumulator  we  arrive  after  m^ 
clock  pulses  at  its  first  over¬ 
flow.  As  a  consequence  we  have 

m^k  -  N  <  k  (13a) 

For  the  second  overflow  we  get 

m2k  -  2N  <  k  (13b) 

etc.  (cf.  Fig.  5a)  till 

mnk  -  nN  =  0  (n=k)  (13c) 

Generalization  reveals 

mk  -  rN  <  k  (r<k)  (14) 

from  which 

N 

m  -  r - =  £  (  15 ) 

k 

where 

1  >  f  ^  0  (16) 

since  m  is  an  integer  both  (15) 
and  are  ( 17 )  met  when 

N 

int(m  -  r - )  =  0  (17a) 

k 

or 

N 

m  =  int ( r - )  ( 17b ) 

k 

After  multiplying  (15)  by  the 
clock  period  we  find  that  the 
spurious  phase-time  modulation 
does  not  exceed  one  clock  period 
.As  a  consequence  modulo-N  a- 
rithmetics  also  provides  mathema- 
ticlal  model  for  DDFS's  meeting 


Fig. 5  Waveforms  of  BDFS  for 

h  =  s'16 

a)  accumulator  contents; 

b)  pulse  rate  output  (dashed 
additional  pulses  are 
for 

fx  =  3/8  )  * 

c )  Square  wave  output ; 

d)  sine  wave  output. 

the  requirement  for  quasiperiodic 
omission  of  pulses  in  the  steer¬ 
ing  pulse  train. 

2/  Fractional  frequency  dividers. 

Fractional  frequency  di¬ 
viders  make  it  possible  to  ge¬ 
nerate  very  small  tuning 
frequency  steps  in  a  limited  fre¬ 
quency  range.  The  principle  is 
shown  in  Fig.  6.  The  basic 
circuit  is  a  phase  locked  loop 
(PLL)  with  a  pulse  inhibitor  and 
a  frequency  divider  in  the  feed¬ 
back  path. 

Actually  we  subtract  from 
the  output  frequency  fx  its  frac¬ 
tion  generated  in  a  DDFS  from  the 
reference  frequency  fr,  i.e.  we 
apply  the  "modified  Engel  series" 
algorithm  and  get 
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Fig. 6  Phase  lock  loop  with  a 
fractional  frequency  di¬ 
vider  . 


k 

(fx  -  fr— -)/N  =  fr  (18) 

2r 

since 

fx/fr  =  Neff  (19) 

the  effective  division  ratio  is 


frequency  dividers  the  quasi- 
periodic  pulse  rate  output  of 
DDFS  is  sufficient.  However,  this 
is  not  sufficient  in  instances 
where  the  output  of  DDFS  is  the 
end  product.  In  these  cases  we 
have  to  enhance  the  fundamental 
output  frequency  by  generating 
either  a  square  wave  or  sine  wave 
output . 

A/  Pulse  train  output. 

The  quasiperiodic  omission 
of  pulses  introduces  a  phase-time 
modulation  the  amplitude  of  which 
does  not  exceed  one  clock  period 
T^.  This  condition  can  be  written 
as 

s(tr)  =  mTi  -  rTx  <  Ti  (21) 

After  introducing  results  found 
for  modulo-N  arithmetics  we  get 


Neff  =  N  +  — - 
2k 


N  N 

(20)  s(tr)  =  T^[r -  -  int(r - ))  (22) 

k  k 


The  pulse  inhibitor  is  easily 
realized  with  the  assistance  of 
dual  moduls  divider  the  division 
ratio  of  which  is  changed  for  one 
clock  period  from  N  and  N+l  in 
the  rate  of  the  output  pulse  rate 
frequency  supplied  by  the  DDFS. 

IV.  Spurious  side-bands  in  DDFS. 

In  all  frequency  syn¬ 
thesizers  with  quasiperiodic  o- 
mission  of  pulses  we  encounter 
spurious  phase- time  modulation. 

In  this  section  we  shall  in¬ 
vestigate  three  different  output 
waves  met  in  practice  and  shown 
in  Fig.  5  for  a  simple  case  of 
the  normalized  output  frequency 

Jx  =  3/16 

In  systems  with  fractional 


By  plotting  the  above  equation 
for  the  simple  case  of  =  7/8 
we  find  that  function  s(tr)  can 
be  idealized  to  a  sawtooth  wave 
as  illustrated  in  Fig.  7. 


In  a  more  general  case  where 
both  X  and  Y  in  (2)  are  larger 
integers  we  get  the  behaviour  of 
the  modulation  function  as  shown 


Fig. 7  Idealized  phase-time  modu¬ 
lation  s(tr)  for  the  nor¬ 
malized  frequency  Jx  =  7/8. 


in  Fig.  8.  Note  that  the  plot  re¬ 
veals  superposition  of  several 
sawtooth  waves.  We  shall  discuss 
the  problem  in  depth  in  the  next 
section . 


Fig. 8  Plot  of  the  phase-time  mo¬ 
dulation  s(tr)  for  the  3rd 
approximation  of  the  PAL 
color  subcarrier  i.e.  for 
=  256/227. 

Reverting  to  Fig. 5a  and  eqs. 
(15)  and  (17)  we  easily  arrive  at 
the  conclusion  that  information 
about  s(tr)  is  stored  in  the  ac¬ 
cumulator  and  can  be  used  for 
compensation  of  spurious  modula¬ 
tion  in  frequency  synthesizers 
using  fractional  frequency  di¬ 
viders  with  the  assistance  of  an 
analog  phase  interpolator  (API 
system).  See  e.g.[5  pp.  136-140]. 

Recently  B.  Miller  and  B. 
Conley  suggested  a  network  push¬ 
ing  the  spectral  lines  close  to 
the  carrier  out  of  the  pass-band 
of  the  phase  locked  loop  [16]. 

B/..  Square  wave  outputs 

In  order  to  enhance  the 
fundamental  harmonic  in  the  out¬ 
put  signal,  the  rectangular  out¬ 
put  wave  should  have  the  space- 
mark  ratio  as  close  to  1:1  as 


possible.  This  requirement  can  be 
met  by  different  means,  the 
simplest  of  which  is  to  put  a 
flip-flop  or  binary  divider  at 
the  end  of  the  synthesizing 
chain.  In  this  instance  both 
leading  and  trailing  edges  of  the 
output  wave  are  synchronized  by 
the,  say,  leading  edges  of  the 
original  pulse  train.  As  a  con¬ 
sequence  its  frequency  must  be 
twice  the  desired  frequency  fx 
i.e. 

2X 

f xp  ~  f i  ( 23 ) 

Y 

where  X  and  Y  are  integers 
having  no  common  divisor. 

In  this  case  the  phase  time 
modulation  is  again 

*i 

s(tr)  =  k - T i  -  rTi  <  Ti  (24) 

fx 

and  can  be  rewritten  after 
application  of  (2)  to 

Y  Y 

s(tfc)  -  T^tk - -  int(k - )] 

2X  2X 

(25) 

The  actual  spectrum  can  be 
easily  calculated  with  the  as¬ 
sistance  of  the  Fourier  analysis 
of  the  rectangular  output  wave 
with  zero  crossings  in  accordance 
with  (25),  cf.  Fig.  5c.  For  the 
cosine  coefficient  of  the  n-th 
harmonic  of  the  k-th  rectangle  we 
have 


Tiintt (k+l)Y/2X] 

2  (  2 

ank  = - A  I  cos(n - t)dt 

YTi  I  YTi 

Tiint(kY/2X)  (26) 
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and  for  the  n-th  harmonic  of  all 
X  rectangles 


a 


2TTn  kY 

(_l)k+lsinj- - int(  —  )] 

Y  2X 


k=0, 1,2. .  . 


(27) 


and  similarly  for  the  sine  coef¬ 
ficient 


bn  - 
A 

fin 


2X-1 


21Tn  kY 

(-l)kCos[ - int(-  -  )  ] 

Y  2X 


k=0 ,1,2... 


(28) 


Evidently,  for  evaluating  the 
output  spectrum,  in  instances 
where  both  X  and  Y  are  large,  the 
use  of  a  computer  is  inevitable. 
It  is  true  that  the  respective 
software  is  very  simple;  however, 
the  computation  time  can  be  con¬ 
siderable,  and  at  the  same  time, 
one  may  lose  orientation  in  the 
wealth  of  data.  The  remedy 
provides  approximation  of  Y/2X 
with  a  ratio  of  smaller  integers 
by  applying  the  shortened  version 
of  continued  fraction  expansion 
[17]  (see  also  Appendix).  By  its 
introduction  together  with  eq. 
(23)  into  (25)  we  get 

S(tfc)  = 

al  ala2 

T^[k(A0  + - - - +  ---)  - 

Bi  Bj^B2 


fundamental  s(t^)  is  a  simple 
sawtooth  wave  with  the  amplitude 
T^.  The  second  order  approxima¬ 
tion  reveals  another  sawtooth 
wave  with  the  amplitude  T^/Bi  and 
the  new  modulation  period  A2T1 
which  is  also  imposed  on  the 
first  sawtooth  wave.  The  same 
happens  with  every  other  approxi¬ 
mation,  see  Fig.  8. 

The  above  discussion  of  (29) 
leads  to  the  following  con- 
c lusions : 

1)  There  are  always  present  com¬ 
ponents  caused  by  the  sawtooth 
waves  with  large  amplitudes:  T^, 
Ti/B]_,  etc.  (see  Fig.  8  and  9). 

2)  To  get  the  knowledge  about  the 
approximate  distribution  of  major 
spectral  lines  it  is  sufficient 
to  choose  an  appropriate  approxi¬ 
mation  Ar/Br  of  Y/2X  with  Br 
small  enough  to  keep  the  computa¬ 
tion  time  in  reasonable  limits. 
See  spurious  signal  levels  in 
DDFS  in  Fig.  9  for  color  sub¬ 
carrier  from  Fig.  3. 

3)  Due  to  the  above  mentioned 
intermodulation  between  individu¬ 
al  sawtooth  waves  there  are  peaks 
of  spurious  signal  around  the 
major  ones  (  see  Fig.  9  ). 

4)  The  power  level  of  the  spuri¬ 
ous  components  closest  to  the 
carrier  supplies  the  last  saw¬ 
tooth  wave  with  the  amplitude 
Ti/Bn_  ^ . 

5)  In  instance  where  Y  is  even 
all  even  spurious  harmonics  are 
missing . 

From  (29)  we  get  for  the 
spurious  signal  levels  "near  the 
carrier" 

1-st  order  approximation 


Y 

-  int(k - )] 

2X 


X 

(29)  201og -  (ni  =  1,2,..)  (30) 

niY 


At  the  first  order  ap-  with  the  modulation  frequency 
proximation  of  Y/2X  by  Aj^/Bi  the 
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2-nd  order  approximation 


J  -20  - 

I 


b) 


Fig. 9  Spurious  spectral  lines  of 
DDFS  for  the  PAL  color  sub- 
carrier  as  found  by  the 
first  (o)  (A^/B^=8/9)  and 

second  (o)  ( A2/B2=47/53 ) 

order  approximations  and 
theoretical  (X)  and  ex¬ 
perimental  (o)  results  of  a 
truncated  Modified  Engel 
series  expansion. 

a)  In  the  frequency  range 
from  0  to  fx; 

b) In  the  frequency  range 
from  0  to  3fx 


X 

201og -  ( n2  =  1,2,  .  .  )  (32) 

nsYBi 

with 

fm2  =  fi/A2  03) 

etc.  till  the  smallest  spurious 
signals  with  amplitudes 


X  1 

201og - . -  (nn-l  ~  1,2..) 


Y  nn-l^n-l 

(  34  ) 

and 

^m,n-l  =  fi/A  (35) 

(Note:  the  above  approximate  re¬ 
lation  for  the  level  of  spurious 
signals  are  valid  only  for  small 
values  of  nj_,  n2 ,  etc.  They 
supply  the  better  results  the 
smaller  is  the  ratio  X/Y  or 
X/YB^.  Since  in  these  instances 
we  take  into  account  the  first 
harmonic  of  the  respective 
sawtooth  wave  and  ap—proximate 
the  Bessel  function  Jp(z)  by 
z/2). 

These,  sometimes  large 
spurious  signals  present  the 
major  inconvenience  of  DDFS 
systems.  However,  there  are 
several  means  for  alleviation  of 
the  problem. 

In  single  frequency  syn¬ 
thesizers  the  application  of  an 
PLL  output  filter  provides  the 
best  solution  (cf.  Fig. 3).  How¬ 
ever,  in  these  instances  we  need 
to  know  the  level  of  spurious 
signalr  very  close  to  the  carrier. 
For  the  above  mentioned  example 
of  the  PAL  color  carrier  with 

Jx  =  2  216  809 . 375/5*103 


fml  =  fj_/A]_  (31)  we  get  for  the  last  but  one  (i.e. 
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the  8th)  approximation  for  X 

sin(  2  fr  m - ) 

fma  =  40  Hz  the  sp.  level  -99dB  Y 


(37) 


and  for  the  9th  approximation 
fmg  =  6.25  Hz  the  sp.lev.  -108dB 

The  preceding  example  is 
intended  to  call  attention  of  de¬ 
signers  to  check  spurious  signals 
close  to  the  carrier  withe  as¬ 
sistance  of  relations  (34),  (35) 
etc.  and  not  to  be  content  only 
with  experimental  results  fund  by 
analyzer . 

C.E.  Wheatley  and  D.E. 
Phillips  [10]  proposed  to  add  in¬ 
to  the  accumulator,  at  each  clock 
pulse  a  random  number,  smaller 
than  k,  and  in  this  way  to  smear 
out  large  coherent  spurious 
signals . 


An  efficient  suppression  of 
spurious  side-bands  provides  the 
sine  wave  output. 

Since  the  number  stored  in 
the  accumulator  of  the  modulo-N 
device  contains  information  about 
the  instantaneous  phase  it  can  be 
changed  into  a  sine  wave  with  the 
assistance  of  ROM  look-up  table 
and  a  digital  to  analogue  con¬ 
verter  (cf.  Fig.  4).  By  having 
recourse  to  the  Fourier  analysis 
of  each  rectangle  in  the  output 
staircase  carve  (cf.  Fig.  5d )  we 
get 

anm= 

(m+DTi 

2  /  X  t 

-  /  sin (  2flrm - ) cos (  2fTn - )dt 

YTi  /  Y  YTi 

mT  j 

(36) 


are  amplitudes  of  individual 
rectangles . 

After  performing  the  in¬ 
tegration  and  applying  some  tri¬ 
gonometric  rearrangements  we  ar¬ 
rive  at 


Y-l 

2  n 

anm  = - sin(  fT - 

n  n  Y 

m=l , 2 , . . 

2m+l  X 

cos(  ft  n - )  sin(  27r  m )  (38) 

Y  Y 


and  finally  for  the  n-th  harmonic 
of  all  Y  rectangles  at 


*n 


2  n 

- sin(  fT - 

Vn  Y 


Y-l 


m=0 , 1 , .  . 


2m+l  X 

cos  (V  n - )sin(2^m - )  (39) 

Y  Y 


and  similarly  for  the 
coefficients 


'n 


Y-l 

2  X  V 

- sin(tT - )  \ 

TTn  Y  / _ 

m=0 , 1 , 


sine 


2m+l  X 

sin(  fT  n - )sin(2TTm - )  (40) 

Y  Y 


where 


Investigation  of  both  equations 


(45) 


(39)  and  (40)  reveals  that 
ideally  all  spurious  signals 
disappear.  Unfortunately  the  real 
life  is  not  such  easy.  The  one 
difficulty  is  that  ROM  look-up 
tables  refer  only  to  several  most 
significant  bits  and  disregard  a 
lot  of  least  significant  bits. 
The  other  source  of  errors  is  the 
digital  to  analog  converter  which 
has  a  limited  bit  size  and  pre¬ 
cision  . 

Let  us  first  investigate  the 
former  problem  when  from  R  bits 
in  eq.  (12)  we  disregard  B  LSB's. 
As  a  consequence  we  check  the 
output  sine  wave  in  effectively 

Y/2b  (41) 

points  only  with  the  resolution 
of  individual  amplitudes  reduced 
to 

mX/'2B 

sin(2fT - )  (42) 

Y/2b 


Since  we  are  referring  only  to 
integers  of  the  factor  mX/2B  in 
the  numerator  the  argument  of 
the  m  dependent  sine  factors  in 
relations  (39)  and  (40)  changes 
to 

2b  mX 

sin[2fT - int( - )]  =  (43a) 

Y  2b 

2b  mX 

sin[2  1 T - ( -  -  t  m)]  (43b) 

Y  2b 

However,  since 

£m  <  1  (44) 

we  can  assume 


2b 

£  m  <-^  1 
Y 

and  relation  (43)  can  be 
simplified  to 

2  TTmX  2b  2  TT mX 

sin -  -  2  ir - (  mcos - 

Y  Y  Y 

(46) 

As  an  example  we  show  for 
the  normalized  frequency 

yx  =  7/32 

the  outputwave  forms  for  in¬ 
creasing  B  in  Fig.  10. 


fig. 10  Output  waveforms  of  DDFS 
for  different  B  of  dis¬ 
carded  LSB:  a)  B=0;  b)  B=1 
c)  B=2;  d)  B=3. 

For  B=R-1  we  get  the  same  results 
as  for  the  rectangular  wave 
output.  See  also  Tab.l  for  com¬ 
puter  simulated  results. 
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Tab . 1  Spurious  signals  in  a  DDFS 
with  the  sine  wave  output 
for  different  B  of  dis¬ 
carded  LSB  (  j  x  --  7/32  )  . 

V .  Cone lua ions . 

After  a  short  review  of  fre¬ 
quency  synthesis  systems  in  the 
whole  range  of  electromagnetic 
waves  from  audio  to  optical  fre¬ 
quencies  we  have  discussed  the 
respective  mathematical  models, 
particularly,  those  suitable  for 
bDFS's:  continued  fraction  ex¬ 

pansion,  Modified  Engel  series 
expansion,  and  Modulo-N  arithme¬ 
tics.  Their  advantage  is  the  qua- 
sioeriodic  omission  of  pulses 
from  the  input  pulse  train. 

We  have  shown  that  in  these 
instances  the  peaks  of  the  phase¬ 
time  modulation  function  do  not 
exceed  one  clock  period  T ^ . 

With  the  assistance  of  the 
Fourier  series  algorithm  we  can 
find  all  spurious  signals  in  the 
output  wave.  However,  the  pro¬ 
cedure  might  be  lengthy  .and  the 
use  of  computer  is  inevitable. 

For  rectangular  output  waves 
approximation  of  the  ratio  Y/2X 
with  smaller  integers,  arrived  at 
by  application  of  the  shortened 
version  of  continued  fraction 


expansion,  provides  information 
about  major  spectral  lines. 

By  considering  sine  wave 
output  we  have  paid  attention  to 
the  problem  of  omission  of  some 
least  significant  bits. 


By  expanding  the  continued 
fraction  (5)  into  an  equivalent 
series  we  have  found  that  after 
each  bjj  =  1  two  neighbouring 
terms  might  be  contracted  into 
one  term.  This  new  series  results 
from  the  shortened  version  of  the 
continued  fraction  where  the  ori¬ 
ginal  Euklid  algorithm  (3),  (4), 
etc.  has  been  changed  as  follows: 


1° 


-  b~  +  — - 


h  >  2 


/l  =  »>i  ♦  --- 

32 

bk  -  intjk 


J 


o  ~  bo  + 


i 


o  > 


al 


bi  + 


a3 

bo  + - 


The  respecti-e  series  expansion 
is 

_n _ 

.  n  ala2 -  -  • ar 

jo  -  Ao 


=  An  +  >  (-1)1'-1- 


r=l 


Br- iBr 


where 

al’  a2 >  are  either  +1  or  -1. 
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ABSTRACT  2.0  DESCRIPTION  OF  AN 

NCO-BASED  SYNTHESIZER 


A  Direct  Digital  Synthesizer  (DDS)  based  on  a  Number 
Controlled  Oscillator  (NCO)  has  advantages  in  many  ap¬ 
plications  due  to  its  wide  frequency  range,  quick  frequency 
changes,  and  fine  resolution.  However,  because  of  the 
digital  nature  of  the  NCO,  conventional  wisdom  has  deemed 
the  DDS  spectrally  unclean.  In  addition,  because  of  the 
digital  nature  of  the  NCO,  it  has  been  difficult  to  determine 
what  the  ultimate  performance  levels  might  be.  This  paper 
presents  an  exact  analysis  of  anNCO -based synthesizer.  We 
believe  this  is  the  first  exact  analysis,  and  will  be  extremely 
important  to  those  who  design  DDS',  NCOs,  and  DACs. 

This  paper  describes  the  architecture  of  a  DDS,  presents  an 
exact  spectral  analysis  and  discusses  some  actual  perform¬ 
ance  observations. 


1.0  INTRODUCTION 

This  paper  examines  the  ultimate  performance  of 

an  NCO-bascd  frequency  synthesizer  by  going  through  a 

number  of  steps: 

•  A  description  of  an  NCO-bascd  synthesizer  is  provided 
for  those  unfamiliar  with  the  architecture  of  these  units; 

•  A  continuous  Fourier  Transform  is  developed  for  an 
arbitrary  stepped  waveform  like  the  DDS  output; 

•  A  method  for  generating  the  mapping  PROM  used  by  a 
DDS  is  described,  so  that  the  output  waveform  distortion 
is  minimized; 

•  Computer-based  calculations  arc  presented  so  that  the 
reader  may  gain  insight  to  the  workings  of  a  DDS; 

•  A  final  discussion  is  presented  to  summarize  what  the 
authors  have  learned  and  observed  from  their  efforts. 


2.1  Description  Of  A  DDS 

A  DDS  based  on  an  NCO  takes  a  fixed  frequency 
reference  clock  and  generates  an  analog  waveform  of  vari¬ 
able  frequency,  based  on  digital  frequency  commands. 

An  NCO-bascd  frequency  synthesizer,  as  shown  in 
Figure  1 ,  consists  of  the  following  pieces: 

NCO:  Really  just  a  big  accumulator,  which  we  describe  as 
holding  the  "phase”  of  the  output  signal.  As  the  NCO 
accumulator  changes,  the  values  represent  a  linear  phase 
ramp.  The  NCO  accumulator  has  P  bits,  and  is  incremented 
by  S  every  lime  the  NCO  is  clocked. 

Mapping  PROM:  This  Programmable  Read  Only  Memory 
maps  the  most  significant  bits  (MSB)  of  the  NCO  into  a 
sinusoid.  In  other  words,  the  linear  phase  from  the  NCO  is 
converted  to  a  series  of  values  representing  a  sinusoidal 
waveform.  In  our  case  a  cosine  is  used.  It  has  A  address  bits, 
and  A  <=  P.always.  All  data  lines  from  the  mapping  PROM 
go  to  the  DAC. 

DAC:  The  Digital  to  Analog  Converter  is  used  to  generate 
the  analog  output  voltage  that  is  the  output  of  the  synthe¬ 
sizer.  It  has  D  bits. 

2.2  Further  Description  Of  The  NCO 

As  previously  mentioned,  the  NCO  is  simply  a 
large  accumulator  (typically  32  bits,  or  more).  The  value  of 
thcaccumulatoratanygiventimccorrcspondstoaphasc.lt 
is  useful  to  picture  the  accumulator  value  asan  angle,  which, 
like  the  second  hand  of  some  watches,  steps  from  second  to 
second  with  each  "tick”  of  the  fixed  frequency  reference 
clock.  Unlike  the  second  hand  of  a  watch,  however,  the  size 
of  each  step  can  be  varied  by  changing  the  phase  step  size. 
For  the  second  hand  of  a  watch  the  phase  step  size  is  1  sec, 
with  a  corresponding  output  frequency  of  l/60th  of  a  Hz.  If 
we  could  change  the  step  size  to  2,  then  the  output  frequency 
would  be  1/30  of  a  Hz.  Changing  the  step  size  to  10  would 
result  in  an  output  frequency  of  1/6  Hz. 
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Figure  1. 

DDS  Block  Diagram 
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Using  this  analogy,  we  can  readily  deduce  the 
simple  ratios  that  relate  the  phase  step  size  (S),  size  of  the 
accumulator  (P),  reference  clock  frequency  (Fc),  and  output 
frequency  (FJ. 


First,  let’s  verify  a  repeating  pattern  occurs,  and 
put  an  upper  bound  on  how  long  this  takes.  To  start,  assume 
an  initial  NCO  accumulator  value  of  zero.  Then  take  advan¬ 
tage  of  the  fact  that  addition  of  a  value  to  itself  is  equivalent 
to  shifting  the  value  “left”  by  one  bit,  and  filling  the  least 
significant  bit  (LSB)  with  a  zero. 


Step  Size  _  S  _  Fo  Output  Frequency 
Accumulator  Size  2r  Fc  Clock  Frequency 


(1) 


From  this  we  can  see  that  frequency  resolution  is  of 
the  NCO  synthesizer  is  simply: 


Resolution  = 


Clock  Frequency 
Accumulator  Size 


n 

2P 


(2) 


3.0  FOURIER  TRANSFORM  OF  A 
REPEATING  PULSE  TRAIN 


To  load  the  step  size  into  the  accumulator  would 
take  one  tick.  The  next  tick  would  add  this  value  to  itself.  The 
value  in  the  accumulator  is  the  step  size  value  shifted  one  bit 
to  the  left  with  a  0  filling  in  the  LSB,  To  add  this  value  to 
itself  would  take  two  more  ticks  for  a  total  of  four  ticks.  If 
we  repeat  the  process,  of  adding  the  current  accumulator 
value  to  itself,  we  keep  doubling  the  number  of  ticks 
required  for  each  iteration,  and  shifting  left,  and  filling  in 
with  zeros.  After  P  iterations  of  this  procedure,  we  will  have 
filled  the  accumulator  with  zeros,  which  is  where  we  started. 
Counting  up  the  number  of  ticks  used  to  do  this  gives  us  an 
upper  limit  to  the  grand  repetition  period.  So,  the  number  of 
ticks  in  the  worst-case  grand  repetition  period  is  2r. 


3.1  Grand  Repetition  Period 

Though  it  may  not  be  immediately  obvious,  the 
output  of  the  synthesizer  is  a  stepped  waveform  that  at  some 
point  in  time  repeats.  This  occurs  when  the  NCO  contains 
exactly  the  same  phase  value  as  it  started  with.  During  the 
time  it  takes  for  this  to  occur,  many  sinusoidal  cycles  may 
occur,  each  slightly  different  from  the  preceding  cycle.  The 
minimum  lime  for  the  NCO  accumulator  value  to  repeat  is 
known  as  the  Grand  Repetition  Period. 


In  the  worst  case  grand  repetition  period,  we  may 
have  crossed  zero  one  or  more  times  during  these  2P  licks.  As 
we  find  out  later,  this  has  a  direct  effect  on  computational 
complexity,  so  let’s  pursue  this  issue  a  little  further  and  find 
the  grand  repetition  period  exactly. 

To  find  the  grand  repetition  period,  continue  to 
think  about  what  happens  in  the  accumulator  for  different 
step  sizes.  Consider  the  case  of  P=4,  for  each  possible  step 
size. 


Table  1 


Tick 

n 

n 

■ 

n 

3 

2 

1 

0 

Start,  0  phase 

0 

0 

•  •  • 

0 

0 

0 

0 

0 

Add  3 

1 

0 

0 

0 

0 

0 

1 

1 

Add  3 

2 

0 

0 

0 

0 

1 

1 

0  1 

Add  3 

3 

0 

0 

0 

1 

0 

0 

1 

Add  3 

4 

0 

0 

0 

1 

1 

0  3 

0  2 

Add  3 

5 

0 

0 

0 

1 

1 

1 

1 

Add  3 

6 

0 

0 

1 

0 

1 

0 

1 

Add  3 

7 

0 

0 

1 

0 

1 

0 

1 

Add  3 

8 

0 

0 

1 

1 

0  3 

0  3 

0  3 

Note  1:  After  21  ticks,  the  first  LSB  is  0. 

Note  2:  After  2J ticks,  the  first  and  second  LSBs  are  0. 

Note  3:  After  23  ticks,  the  first,  second  and  third  LSBs  are  0. 
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Table  2 


Ticks 

1 

2 

3 

Step  Si: 
4 

se  (P=4) 
5 

6 

7 

8 

0 

0 

0 

0 

0 

0 

1 

1 

2 

3 

4 

7 

8 

2 

2 

4 

6 

8 

14 

0 

3 

3 

6 

9 

12 

5 

4 

4 

8 

12 

0 

12 

5 

5 

10 

15 

3 

6 

6 

12 

2 

7 

7 

14 

5 

10 

1 

8 

8 

0 

8 

8 

0 

8 

9 

mm 

11 

13 

15 

10 

1 

6 

11 

13 

12 

19 

4 

13 

■9 

11 

14 

■  9 

2 

15 

9 

11 

9 

16 

■9 

0 

0 

Ticks  to 
Repeat 

16 

8 

16 

n 

16 

8 

16 

2 

If  the  step  size  is  a  multiple  of  two,  then  the 
waveform  repeats  multiple  times  in  2P  ticks.  In  fact  for  each 
factor  of  two  in  the  step  size  the  wave  form  repeats. 

Thus,  if  we  eliminate  all  the  factors  of  two  from  the 
step  size,  we  can  determine  the  grand  repetition  period 
exactly.  One  simple  way  to  find  the  number  of  factors  of  two 
in  the  step  size  is  to  find  the  Greatest  Common  Divisor 
between  the  number  needed  to  roll  the  accumulator  over, 
and  the  step  size.  Then  the  grand  repetition  period  can  be 
directly  calculated. 


Min.  Number 

ofTicks  = _ l _  =  m 

in  Grand  GCD  (2P,S)  M  ( 

Repetition  Period  v  ' 

p  =  min.  number  of  "ticks"  in  Grand  Repetiton  Period 
GCD  =  greatest  common  divisor 


3.2  Fourier  Transform  Of  A  Pulse 

Now  that  we  know  the  interval  on  which  the  NCO 
is  periodic,  we  can  perform  a  classical  Fourier  Transform. 

To  do  this,  let’s  consider  each  step  of  the  output 
waveform  as  a  separate  pulse.  Adding  all  these  pulses  up 
with  proper  phase  and  amplitude  will  create  the  original 
stepped  waveform.  Furthermore,  let’s  just  consider  one  of 
those  pulses  at  this  time: 

As  noted  in  Figure  2,  the  amplitude  of  the  pulse  is 
a  function  of  its  position  (n).  Notice  that  this  will  make  the 

Volts 

4 


V.(n) 


123  n  n+1  \l 


Figure  2. 
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analysis  general  -  that  is,  it  will  work  for  any  setof  repeating 
pulses.  Later,  we’ll  substitute  in  the  sinusoidal  terms  of  the 
mapping  PROM  for  the  output  voltage  Vo(n). 

Now  for  the  Fourier  Transform  itself: 

Assume  the  pulse  can  be  made  of  complex  sinu¬ 
soids: 


nates  all  terms  of  the  summation,  except  when  i  =  b.  When 
i  =  b,  the  complex  exponential  cancels  to  1,  eJ  . 

?V.(  t)ej"*‘dt  =  C,mTc  (7) 

o 

Rearranging  terms  we  get: 


2  ni 


V(t)  =V  C  e,“‘’  where  to  =  —  (4) 

°  “!  ‘  /xTc 


T  =  — 
F, 


For  the  pulse  this  becomes: 


(8) 


C  are  complex  coefficients 


Multiplying  both  sides  by  e  and  integrating  over  a 
period  of  Vo(t): 


r  v» 
‘  W 


(n+l)Tc 


"T, 


dt 


(9) 


After  integration,  factoring  out  the  exponential  in  the  result, 
and  a  little  algebra,  we  get: 


J  v„(t) 


-j<*V 


dt  = 


(5) 


T  c.  dt 


=  I>)  sinc  £Le-M("4>« 


Fourier  Transform  Of  A  Pulse  Train 


(10) 


Since  this  is  an  integration  of  a  bounded  well- 
behaved  function,  over  a  finite  interval,  we  can  fearlessly 
interchange  the  order  of  integration  and  summation: 


Knowing  the  Fourier  Transform  of  a  single  pulse 
with  a  period  of  n  allows  us  to  use  the  simple  concept  of 
superposition  to  find  out  what  the  entire  spectrum  would 
look  like.  For  a  series  of  71  pulses,  phased  to  create  the 
stepped  output  waveform: 


dt 


(6) 

dt 


/i-i 

c,  =  I 


n-0 


V» 


ni 

sine  - e 


-j<u, 


(11) 


Rearranging  terms,  and  factoring  out  part  of  the 
exponential,  we  get: 


The  integral  over  a  full  period  of  two  sinusoidal 
functions  eJ<a‘l  and  e  J<>v  is  always  zero  unless  i  =  b. 
That’s  the  definition  of  orthogonal  functions.  This  elimi- 


515 


Notice  when  stated  in  this  form  that  the  summation 
is  just  the  Discrete  Fourier  Transform  of  the  synthesizer 
output  over  the  grand  repetition  period,  and  since  n  is 
composed  of  factors  of  two  only ,  the  Radix  Two  Fast  Fourier 
Transform  can  be  used.  This  makes  computation  of  the 
coefficients  quick  andeasy .  After  performing  a  Fast  Fourier 
Transform,  the  coefficients  are  scaled  by  the  term  in  front  of 
the  summation  to  get  the  Continuous  Time  Fourier  Trans¬ 
form.  An  exact  spectrum! 

3.4  Verification 

3.4.1  By  Summation:  A  computer  program  was  cre¬ 
ated  to  generate  the  output  spectrum  of  the  NCO  based  on 
equation  12.  The  program  generated  two  primary  lines,  the 
upper  and  lower  sidebands,  which  are  centered  on  half  the 
clock  frequency,  as  expected.  In  order  to  verify  the  spectrum 
generated  by  the  Fourier  Transform  of  the  NCO  output  was 
correct,  a  program  that  did  a  Fourier  Summation  was  used. 
This  allowed  the  spectrum  to  be  converted  back  into  a  time 
domain  waveform ,  and  thereby  verifying  that  the  proper  co¬ 
efficients  had  been  calculated. 

One  of  the  important  features  observed  is  that 
harmonics  above  the  NCO  clock  frequency  are  required  for 
accurate  reproduction  of  the  time  waveform.  In  order  to  get 
a  reasonably  clean  waveform  harmonics  up  to  64  times  the 
NCO  clock  rate  were  required. 

3.4.2  Known  Spectrum:  A  second  test  was  made  by 
checking  what  happens  to  the  equation  for  C  when  half  the 
output  frequency  was  requested.  In  this  case  the  formula 
must  and  does  simplify  to  that  of  a  square  wave. 

In  addition,  proper  behavior  is  observed  when  a 
very  low  or  very  high  frequency  is  requested.  The  lower 
sideband  amplitude  approaches  unity  (0  dB)  at  low  fre¬ 
quency,  and  the  upper  sideband  goes  to  0  (-<»  dB)  as  it 
approaches  the  clock  frequency.  Near  half  the  clock  fre¬ 
quency,  each  sideband  is  3  dB  down,  as  it  should  be. 

3.4.3  By  Measurement:  DAC  clock  leakage  in  our 
experimental  DDS  prevented  us  from  measuring  the  indi¬ 
vidual  spurious  frequencies.  However,  the  DAC  clock 
leakage  is  too  small  to  significantly  affect  the  amplitudes  of 
the  upper  and  lower  sidebands.  These  were  checked  and 
were  in  excellent  agreement  with  the  predictions  of  the 
model  (hundredths  of  a  dB),  over  a  wide  range  of  frequen¬ 
cies.  In  addition,  the  measured  spurious  level  of  -65  dBc  was 
consistent  with  theoretical  predictions  of  -67.8  dBc  cleanli¬ 
ness. 


4.0  G  ENERATING  THE  MA  PPING  PROM 

4.1  Need  For  Symmetry 

Togenerate  the  cleanest  possible  output  signal,  the 
digitized  waveform  should  be  quantized  as  symmetrically 
as  possible.  This  includes  symmetry  about  the  time  (phase) 
and  amplitude  axes.  Figure  3  shows  a  sinusoid,  and  it’s 
corresponding  quantization. 

Notice,  by  selecting  the  quantization  levels  in  the 
middle  of  each  time  period  (pulse),  the  amplitude  error  for 
half  the  pulse  is  in  one  direction,  and  the  error  in  the  second 
half  of  the  pulse  is  in  the  opposite  direction. 

Also  notice  that  by  drawing  a  line  through  the  90, 
and  270  degree  marks,  the  quantized  waveform  is  symmet¬ 
ric  about  these  points  as  well.  This  again  minimizes  distor¬ 
tion,  and  preserves  the  symmetry  one  expects  of  a  sinusoid. 

42  Quantized  Sinusoid  - 

Mathematical  Description 

If  we  quantize  a  cosine  wave  form ,  then  we  want  to 
put  one  cycle  of  the  cosine  into  the  Mapping  PROM.  The 
phase  resolution  of  this  PROM  is  determined  by  the  number 
of  address  bits  it  has: 


PROM  Phase  Resolution  =  Qne  Cycle  _  2n  ( i 3) 

#  of  Points  2A 

In  order  to  maintain  symmetry,  we  need  to  sample 
the  cosine  wave  at  the  mid-point  between  two  pulses.  This 
is  obtained  simply  by  averaging  the  two  times. 

Midpoint  phase  of  point  1  +  phase  of  point  2 

between  =  - - - - - - - -  (14) 

two  pulses  2 

m  +  (m  +  1) 

2 

m  =  address  applied  to  PROM  at  time  n 

Finally,  examining  the  amplitude  of  the  sinusoid, 
we  notice  one  bit  can  be  considered  a  sign  bit,  and  the 
remaindering  bits  are  the  magnitude  of  the  amplitude.  Also 
notice,  the  0  value  out  of  the  DAC  is  never  used. 

Amplitude  of  PROM  =  2<d  ,)  (15) 
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SIGN  I  AMPLITUDE 


Figure  3. 

Symmetrically  Quantized  Sinusoid 
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Putting  this  all  together  we  have  the  mathematical 
description  of  the  contents  of  the  Mapping  PROM. 


VQ(n)  =  2(d_1)cos 


r  n  +  (n  + 1)  2?r 

l  2  ~¥) 


(16) 


A  word  of  caution:  the  value  actually  used  in  the 
PROM  is  a  rounded  integer  value  of  Vj(n).  To  avoid  induc¬ 
ing  any  extra  distortions,  these  values  should  be  rounded 
symmetrically.  This  can  be  achieved  by  rounding  the  abso¬ 
lute  value  of  Vo(n),  and  then  attaching  the  proper  sign. 


5.0  PRESENTATION  OF  RESULTS 

5.1  Spectral  Cleanliness 

Using  simulation  software  based  on  the  equations 
in  this  paper,  we  modeled  various  DDS  configurations. 
Figures  4  and  5  graphically  present  the  results  of  these 
analyses. 


All  analyses  presented  here  were  performed  with 
the  output  frequency  set  to  1/3  of  the  reference  clock 
frequency.  This  is  where  the  worst  spurious  occurs  based  on 
empirical  evidence. 

Figure  4  shows  that  the  outpui  cleanliness  is  not  a 
function  of  the  number  of  phase  bits  in  the  NCO.  Rather,  the 
phase  bits  in  the  NCO  simply  represent  the  resolution  with 
which  frequencies  may  be  selected.  There  is  a  section  of 
Figure  4  where  the  cleanliness  actually  goes  up  as  the 
number  of  phase  bits  goes  down.  However,  this  range  is 
extremely  impractical  to  use,  since  it  is  characterized  by  the 
condition  P=A=D.  As  a  result  of  this  condition,  there  is 
limited  frequency  resolution  for  real  world  values,  and 
output  slew  rates  tend  to  be  too  great  to  implement  cleanly. 

The  big  surprise  is  Figure  5.  It  shows  that  the  clean¬ 
liness  is  a  6  dB/bit  function  of  the  number  of  mapping 
PROM  address  bits  A,  and  an  8.5  dB/bit  function  of  the 
number  of  DAC  bits  D. 

Figure  5  clearly  indicates  there  is  a  range  of  values 
where  having  extra  DAC  bits  results  in  NO  performance 
gain.  This  means  that  designers  who  push  to  incorporate 
large  mapping  PROMs  into  NCOs  may  besurprised  that 
performance  doesn’t  improve,  if  they  haven’t  selected  the 
right  Address-Data  bitcombinations  (A=8,D=6),(A=9,D=7), 
( A=  1 0,D=7),  ( A=  1 1  ,D=8),(A=12,D=9),(A=  1 3,D=  1 0),  etc. 


6.0  ADDITIONAL  THOUGHTS 

6.1  DAC  Clock  Leakage 

One  of  the  reasons  an  actual  spectrum  is  not  com¬ 
pared  against  a  predicted  spectrum  is  DAC  clock  leakage 
causes  a  severe  distortion  of  the  actual  spectrum  at  the  DAC 
output  When  observed  through  filtering  and  limiting  cir¬ 
cuits  the  clock  leakage  sidebands  were  -65  dBc. 

We  used  a  25  MHz  NCO  with  a  high-speed  8-bit 
DAC  in  our  experimental  DDS.  This  DAC  had  clock 
leakage  45  dB  below  the  output  signal  at  the  clock  fre¬ 
quency.  This  clock  leakage  signal  mixed  with  the  switched 
current  sources  in  the  DAC,  so  that  mixing  signals  appeared 
at  multiple  points  across  the  output  spectrum.  This  is  consis¬ 
tent  with  the  concept  of  the  DAC  acting  as  a  switching 
mixer,  where  the  DAC  MSB  is  acting  as  the  switch  control 
and  the  clock  leakage  (main  spectral  line)  acting  as  the  input. 

The  original  analysis  program  was  modified  to 
verify  this  behavior.  It  correctly  indicated  where  the  DAC 
spurious  would  occur,  but  was  not  good  at  estimating 
spectral  magnitude.  To  accurately  model  the  magnitude  of 
DAC  spurious,  the  internal  layout,  parasilics,  and  process 
parameters  would  have  to  be  included.  Nevertheless,  we 
believe  the  basic  mechanism  of  clock  leakage  mixing  side¬ 
bands  is  correctly  modeled  because  of  the  match  between 
predicted  frequencies  and  observed  frequencies. 


518 


Fo  =  Fc/3 
Upper  Sideband 


Figure  4. 

Number  of  Phase  Bits  vs.  Spectral  Cleanliness 
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DAC  Bits  (D) 


7.0 


CONCLUSION 

A  DDS  based  on  an  NCO  can  be  spectrally  clean, 
which  is  contrary  to  conventional  wisdom.  Furthermore,  its 
spectrum  can  be  calculated  exactly  using  a  conventional 
radix-2  DFT,  and  applying  a  frequency  dependent  correc¬ 
tion  factor.  Examining  the  results  of  these  calculations,  one 
discovers  there  are  very  specific  configurations  of  the  DDS 
architecture  that  will  achieve  maximum  spectral  purity  with 
the  least  circuitry. 

Currently,  much  work  remains  to  be  done  in  the  actual 
implementation  of  an  NCO-based  DDS.  Specifically,  modu¬ 


lation  of  the  DAC  output  by  the  clock  is  a  significant 
problem.  This  is  especially  so  with  available  high-speed 
DDS’  having  clock  rates  of  hundreds  of  megahertz,  where 
performance  is  still  somewhat  limited. 
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ABSTRACT 

Recently,  state-of-the-art  phase  noise  performance  has  offset  frequencies  greater  than  100  kHz,  while  flicker  FM  noise 
been  demonstrated  for  both  surface  acoustic  wave  (SAW)  and  levels  of  -83  dBc/Hz  at  10  Hz  carrier  offset  have  been  achieved, 

dielectric  resonator  (DR)  stabilized  oscillators  ll|-Hl-  The  same  Analogous  designs  using  a  1  GHz  dielectric  resonator  (DR)  have 

basic  feedback-loop  oscillator  (5)  design  philosophy  was  applied  demonstrated  similar  phase  noise  performance,  except  now  at 

in  each  case  in  order  to  achieve  these  results.  This  paper  approximately  twice  the  operating  frequency  of  the  SAW 

describes  the  design,  fabrication,  component  selection,  and  resonator  oscillators.  Engineering  prototype  400  MHz  SAW 

performance  of  extremely  low  noise  SAW  resonator  and  delay  delay  line  stabilized  oscillators  with  electronic  frequency  tuning 

line  oscillators,  as  well  as  an  extremely  low  noise  L-band  DR  ranges  of  ±150  kHz  (+375  ppm)  have  demonstrated  white  PM 

oscillator.  It  will  be  shown  that  a  basic  50-B  modular  component,  phase  noise  floors  of  -170  dBc/Hz,  along  with  flicker  FM  noise 

feedback-loop  oscillator  architecture  incorporating  a  two-port  levels  of  -70  dBc/Hz  at  10  Hz  carrier  offset.  Finally,  other 

frequency  stabilizing  device  is  easy  to  set-up,  and  perhaps  much  aspects  of  an  oscillator's  overall  performance,  such  as  vibration 

more  importantly,  is  easy  to  trouble  shoot  when  something  does  sensitivity,  long-term  stability,  etc.,  are  not  discussed  in  detail 

go  wrong,  since  they  have  been  adequately  covered  elsewhere  |1H4|.  Quite 

often  trade-offs  must  be  made  between  the  various  performance 
criteria  that  might  otherwise  be  desired.  These  trade-offs  are 
I.  INTRODUCTION  mentioned,  when  appropriate,  in  the  context  of  the  design 

examples  presented. 

The  residual  phase  noise  properties  of  an  oscillator’s 
electronic  components,  for  example  RF  amplifiers  and  electronic 

phase  shifters,  are  extremely  important  if  reproducibly  low  II.  FEEDBACK-LOOP  OSCILLATOR  BASICS 

oscillator  phase  noise  levels  are  to  be  achieved.  For  SAW 

oscillators,  it  goes  without  saying  that  the  residual  flicker  noise  Figure  I  shows  a  simple  block  diagram  for  a  general 

of  the  SAW  resonator  or  SAW  delay  line  must  also  be  minimized  purpose  SAW  device  stabilized  feedback-loop  oscillator  design  of 

if  truly  state-of-the-art  phase  noise  performance  is  to  be  the  type  first  analyzed  by  Leeson  |6J.  It  should  be  noted  that  the 

achieved.  For  DR  stabilized  oscillators,  we  have  not  as  yet  seen  SAW  device  can,  in  principle,  be  replaced  with  any  two-port 

any  evidence  indicating  that  the  DR  is  a  significant  source  of 
residual  flicker  noise.  A  considerable  portion  of  the  following 
discussions  describes  state-of-the-art  residual  noise 
measurement  techniques  which  may  be  used  to  accurately  and 
reproducibly  screen  component  residual  noise  properties. 

To  illustrate  our  design  procedure,  several  specific 
examples  are  presented.  First,  prototype  SAW  resonator 
voltage  controlled  oscillators  operating  at  500  MHz  have  Fig.  1  Circuit  Diagram  for  a  General  Purpose  Feedback-Loop 

demonstrated  white  PM  noise  floors  of  -184  dBc/Hz  for  carrier  Oscillator. 
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frequency  stabilizing  element,  for  example,  a  dielectric 
resonator,  without  in  any  way  whatsoever  altering  the  discussion 
to  follow.  Although  individual  oscillators  will  always  differ  in 
specifics  of  their  particular  implementation,  they  all  will  share 
the  following  common  features:  II  one  or  more  loop  amplifiers 
(tij.  Qgl  ol  sufficient  gain  to  overcome  total  feedback-loop 
losses;  2)  some  means  for  gain  limiting  (compression)  within  the 
feedback  loop  to  insure  stable  oscillation  (in  many  instances  this 
gain-limiting  action  will  actually  occur  in  the  second  stage  IG,^) 
or  high  level  feedb;  .k-loop  amplifier;  31  provisions  for  both  gain 
and  phase  adjustment  within  the  feedback  loop  in  order  to 
establish  the  proper  loop  conditions  for  oscillation  to  occur, 
namely  approximately  3  dB  (2  to  4  dB)  of  excess  small-signal 
gain  (nominally  3  dB  of  gain  compression  when  equilibrium  is 
reached)  and  2nN  radians  of  net  transmission  phase  shift 
through  the  loop,  where  N  is  an  integer;  4)  feedback-loop  signal 
sampling,  which  may  be  either  capacitive,  resistive,  etc.;  and  5)  a 
buffer  amplifier  IG,)  to  isolate  the  feedback  loop  from  external 
load  variations.  Ihe  need  for  an  electronic  phase  shifter  in  the 
feedback  loop  to  provide  frequency  modulation  and  a  low-pass 
filter  at  the  output  to  suppress  undesired  harmonic  signals  may 
or  may  not  be  necessary  depending  upon  a  specific  oscillator's 
performance  requirements. 

The  basic  feedback-loop  oscillator  circuit  of  Fig.  1  is 
particularly  well  suited  for  two-port  SAW  devices  and  is 
generally  the  most  commonly  used  configuration  for  SAW 
oscillators,  both  resonator  and  delay  line  based.  It  is  also 
particulary  convenient  to  choose  components  that  have  been 
designed  to  work  well  in  a  50-9  environment.  By  using 
amplifiers,  power  splitters  or  directional  couplers,  and  other 
electronic  components  that  nominally  have  been  designed  with 
50-9  input  and  output  impedances,  the  proper  conditions  for 
oscillation  can  be  quickly  established  using  a  vector  network 
analyzer.  By  breaking  the  oscillator  loop  open  at  any  convenient 
location  the  open-loop  gain  and  transrr;ssion  phase  of  the 
combined  oscillator  components  can  then  be  readily  established. 
The  equilibrium  oscillator  loop  power  can  be  determined  by 
increasing  the  network  analyzer’s  test  signal  level  until  gain 
compression  gives  0  dB  of  open-loop  gain.  By  observing  the  gain 
and  phase  conditions  at  frequencies  other  than  the  desired 
oscillation  frequency,  the  potential  for  spurious  oscillations  can 
also  be  evaluated.  Finally,  if  a  CW  RF  test  signal  is  applied  to 
the  input  port  o.  the  opened-loop  at  the  power  level 
corresponding  to  0  dB  of  open-loop  gain,  then  the  oscillator's 
ouput  power  level  may  be  verified.  Clearly,  other  measurements 
may  be  performed  to  establish  the  oscillator's  approximate 
electronic  tuning  sensitivity  (in  the  case  of  a  VCO).  power  supply 
pushing  sensitivity,  load  pulling  sensitivity,  etc. 


The  simplest  S-iW  oscillator  may  contain  only  an 
amplifier,  a  SAW  device,  an  output  coupler,  and  means  for 
setting  the  loop's  excess  gain  level  and  transmission  ph  se  shift, 
eg.,  an  attenuator  and  a  short  length  oi  coaxial  cable  The 
saturation  of  the  loop  amplifier  provides  the  necf  sarv  gain 
compression,  ‘lore  capable  oscillators  may  contain  a  buffer 
amplifier,  an  electronic  phase  shifter,  amplitude  limiter,  or  anv 
of  the  other  components  shown  in  Fig.  1 . 


As  indicated  in  Fig.  1  there  is  some  discretion  as  to  where 
the  loop  gain  adjust  attenuator  is  placed  For  a  feedback-loop 
oscillator  with  a  single  loop  amplifier  it  aesn  t  really  matter  at 
all  where  the  attenuator  is  positioned  insofar  as  its  basic 
contribution  to  the  oscillator's  while  phase  noise  floor  goes, 
although  it  may  end  up  affecting  the  oscillator's  overall 
performance  in  secondary  wavs.  eg  .  if  the  attenuator  were 
positioned  between  the  output  of  the  high  level  loop  amplifier 
and  the  coupling  circuitry.  However,  for  a  feedback-loop 
oscillator  with  two  loop  amplifiers  there  is  a  distinct 
performance  advantage  to  he  realized  if  the  attenuator  is 
positioned  between  the  output  of  the  first  stage  loop  amplifier 
IGj)  and  the  input  of  .he  second  -wage  loop  amplifier  |G.,I.  If  the 
attenuator  is  not  positioned  inter-amplifier  stage  the  oscillator's 
phase  noise  floor  will  degrade  dB  for  dB  according  to  the  value 
of  attenuator  used.  This  will  not  happen  if  the  attenuator  i 
introduced  inter-amplifier  stage,  as  iust  noted.  In  this  rase  the 
attenuator’s  contribution  to  the  oscillator's  phase  noise  floor  is 
effectively  reducer,  I  "shielded")  by  the  gain  of  the  first  loop 
amplifier  stage.  The  net  effect  is  to  reduce  the  noise  floor 
degradation  factor  to  only  about  a  tenth  of  a  dB  per  dB 
according  to  the  value  of  the  attenuator  used.  The  approximate 
amount  of  noise  floor  degradation  may  be  estimated  using  the 
following  equation 


AldB)  : 


lOxlog^KFjGj  +  F2L-  D/IFjGj  +  F2-  11]  (1) 


where  Fj  (=  io{,NFl ,/1C’ |  and  F9  (=  io'(NF2i/10'|  are  the 
noise  factors  for  the  first  and  second  stage  loop  amplifiers, 
respectivelv.  Gj  is  the  gain  of  the  first  stage  loop  amplifier 
(expressed  numerically),  and  L  is  the  loss  of  the  inter-stage 
attenuator  (expressed  numerically).  Let's  examine  a  specific 
example,  as  follows:  Fj  =  =  3.16  ii.e..  NF^  ■  NF9  =  5  dB). 

L  =  3.16  (i.e. .  a  5  dB  attenuator),  and  Gj  =  25.12  (i.e. .  the 
small-signal  gain  of  the  first  stage  loop  amplifier  is  14  dB).  If 
the  attenuator  in  positioned  inter-stage  then  the  oscillator's 
white  phase  noise  floor  degradation  will  only  be  about  0.35  dB. 
whereas  if  the  attenuator  is  placed  anywhere  else  "'thin  the 
feedback  loop  the  oscillator's  white  phase  noise  floor  will  be 
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degraded  by  the  full  6  dB  value  of  the  attenuator.  This 
represents  a  significant  noise  floor  improvement  with  .t 
incurring  any  performance  penalty  whatsoever.  Clearly,  it  would 
be  foolhardy  to  place  the  attenuator  anywhere  except  inter-stage 
when  two  amplifiers  are  required  in  the  feedback  loop! 


Perhaps  the  greatest  advantage  which  accrues  from  using 
the  feedback-loop  oscillator  architecture  is  the  ability  to  readily 
isolate  problem  components,  including  the  ability  to  pre-screen 
critical  loop  components  such  as  the  amplifier,  SAW  device,  and 
electronic  phase  shifter  for  their  residual  phase  noise  levels 
before  the  oscillator  is  even  assembled.  This  ability  is 
particulary  useful  since  these  rather  basic  measurements  may  be 
used  directly  to  predict  the  oscillator's  full  phase  noise  spectrum. 
As  has  been  shown  previously,  for  most  SAW  resonator 
oscillators,  the  following  approximate  expression  may  be  used  to 
estimate  the  oscillator’s  expected  phase  noise  performance  for 
carrier  offset  frequencies  greater  than  0.1  Hz  [7] 


W=  l-RFJ/fil  +  l-E/«*2,‘V8fin 

+  [|2°rQlF>21 


+  [|2GFkT/Po)/{(2HTg)V:i 


+  op/f  +  (2GFkT)/P 
h,  m  o 

where  G  is  the  compressed  power  gain  of  the  loop  amplifier,  F  is 
the  noise  factor  of  the  loop  amplifier(s),  k  is  Boltzmann’s 
constant,  T  is  the  temperature  in  “K,  PQ  is  the  carrier  power 
level  (in  watts)  at  the  output  of  the  loop  amplifier,  Fq  is  the 
carrier  frequency  in  Hz,  fm  is  the  carrier  offset  frequency  in  Hz, 
tg  is  the  SAW  resonator’s  group  delay  in  seconds,  (=nFQT^) 
is  the  loaded  Q  of  the  SAW  resonator  in  the  feedback  loop,  and 
and  otg  are  the  flicker  noise  constants  for  the  SAW  resonator 
and  loop  amplifier,  respectively.  The  flicker  noise  constants  may 
be  evaluated  from  residual  noise  measurements  using  the 
following  expressions 


(l/(2QLFo)ZH2fmxl0!  **  lfm  )/101| 


0^=  2fmx(10!rf  (f  m  ),10>)  3(b) 

where  Q.  ,  F  ,  and  f  are  as  previously  defined  and  df’ff  )  is 
L  o  m  r  J  m 

taken  to  represent  a  measurement  of  either  the  resonator’s  or 
amplifier’s  single  sideband  residual  flicker  PM  noise.  Note  that 


the  "prime"  symbol  is  intended  to  denote  a  residual  rather  than 
oscillator  single  sideband  noise  spectrum. 

A  similar,  although  somewhat  simpler  approximate 
expression  may  be  used  to  estimate  a  SAW  delay  line  oscillator's 
phase  noise  spectrum  for  carrier  offset  frequencies  greater  than 
1  Hz.  namely 


Vm»=  H-D+  *mM 


+  |(2GFkT/P  )/;(2iit  ff  SI 

o  g  m 


+  0,,/f  +  (2GFkT)/P 

“E  m  o 


where  G,  F,  k,  T,  Pq,  F  ,  fm>  and  Oj,  are  as  previously  defined, 
t  is  now  the  SAW  delay  line’s  group  delay  in  seconds,  and 
is  the  flicker  noise  constant  for  the  SAW  delay  line.  The 
amplifier's  flicker  constant  in  this  case  is  again  evaluated  using 
Equation  3(b).  while  the  SAW  delay  line's  flicker  constant  is 
calculated  in  a  similar  manner,  i.e.,  using 

0^=  2fmx[10!c£'|fm  ,/101l  (5) 

where  d£’(fm)  now  represents  the  result  of  a  single  sideband 
residual  flicker  noise  measurement  on  the  SAW  delay  line 
device.  On  occasion,  instead  of  the  symbols  <Xg  and  a^,  the 
symbols  3g  and  aD  have  been  used  to  denote  the  amplifier's  and 
delay  line’s  flicker  constants,  respectively.  This  was  done  in 
order  to  indicate  that  they  are  calculated  in  a  different  manner 
from  their  respective  component’s  measured  residual  flicker 
noise,  when  compared  to  the  flicker  constant  for  a  SAW 

resonator  device  as  defined  in  Equation  (2).  As  a  direct 

2 

consequence  otg  and  <Xp  have  the  units  of  radians  ,  while  <x^  has 
the  units  of  radians  /Hz  .  Finally,  the  magnitude  of  is 
markedly  different  from  the  magnitudes  of  either  or  <Xp.  A 
typical  value  for  a„  might  be  2x10  while  typical  values  for 

*'■  _25  .to 

Oj,  and  Op  might  range  anywhere  from  2x10  to  2x10 
depending  upon  the  particular  amplifier  or  delay  line  under 
consideration. 

Since  state-of-the-art  phase  noise  performance  is  the 
central  theme  of  this  paper.  Section  III  which  follows  briefly 
describes  the  typical  SAW  resonator  and  delay  line  designs 
which  we  routinely  use. 


III.  SAW  DEVICE  DESIGN 


All  of  our  recent  SAW  oscillator  work  is  based  upon  the 
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«*e*  *7  ant 


"all  quartz  package"  tAQPl  which  has  been  described  ,  .eviously 
(8]-|10|.  AQP  SAW  resonator  or  delay  line  devices  are  packaged 
in  a  similar  manner.  Typically,  our  SAW  resonator  devices  are 
designed  as  shown  in  Pig.  2.  The  active  acoustic  aperture  ranges 
from  150  to  300  X,  where  X  denotes  an  acoustic  wavelength  at 
the  device's  nominal  resonant  frequency.  An  important  feature 
common  to  all  of  our  SAW  resonator  designs  is  the  rather  large 
free  surface  region  between  the  two  transducers,  typically  200  X. 
This  results  in  an  effective  cavity  length  (11)  of  approximately 
365  A  As  a  consequency  of  this  large  cavity  length  the 
resonator  will  support  three  distinct  cavity  modes.  This  is 
illustrated  in  Fig.  3  for  a  500  MHz  two-port  SAW  resonator 
device  design  with  an  active  acoustic  aperture  of  300  A  The 
three  cavity  mode  resonances  are  clearly  evident,  but  note  that 
the  transmission  phase  shifts  of  the  two  outer  resonances  are 
offset  by  180°  with  respect  to  the  transmission  phase  shift  of 
the  central  resonance  peak.  For  most  filter  applications  the 
existence  of  these  satellite  resonances  would  be  totally 
unacceptable,  but  in  an  oscillator  application  the  phase  reversals 
exhibited  by  the  satellite  peaks  totally  eliminate  them  from 
consideration  if  the  feedback-loop’s  transmission  phase  shift  has 
been  properly  set-up  for  oscillator  operation  on  the  central 
resonance  peak.  The  large  cavity  length  reduces  the  fraction  of 
the  effective  cavity  length  covered  by  metal  to  only  about  7 
percent,  and  in  most  instances  eliminates  the  need  to  apodize 
the  transducers  [12|,  even  for  the  relatively  wide  apertures  (150 
to  300  X)  used  in  our  designs.  Another  advantage  of  a  large 
cavity  size  (both  length  and  width)  is  that  it  increases  the 
power-handling  capability  of  the  resonator  [13].  SAW  resonator 
devices  incorporating  this  basic  design  have  typically  exhibited  4 
to  10  dB  of  insertion  loss,  depending  upon  the  operating 
frequency,  number  of  fingers  in  each  transducer,  and  the  actual 
acoustic  aperture  used. 


pen  •>  imia 


Fig.  2  Typical  SAW  Resonator  Design. 


The  key  features  of  the  transducers  for  a  SAW  delay  line 
designed  for  an  oscillator  application  are  shown  in  Fig.  4.  For 
good  frequency  stability  the  delay  line  should  have  as  large  a 
delay  time  (group  delay)  as  possible.  However,  the  delay  line 
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Fig.  3  Insertion  Gain  and  Transmission  Phase  Responses  for 
a  500  MHz  SAW  Resonator  Device. 
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Fig.  4  Typical  SAW  Delay  Line  Design. 


must  also  provide  a  frequency  filtering  function  to  limit  the 
amplitude  response  of  the  delay  line  to  a  relatively  narrow 
frequency  range.  Generally,  the  value  of  group  delay  selected 
will  represent  a  compromise  since  most  SAW  delay  line 
oscillators  are  intended  to  operate  as  frequency  agile  (voltage 
tunable)  sources.  The  long  "thinned"  transducer  on  the  left  in 
Fig.  4  serves  this  purpose  of  frequency  filtering,  while  the 
center-to-center  distance  between  the  two  transducers 
determines  the  group  delay,  T  .  To  ensure  that  only  one 
frequency  can  satisfy  the  oscillation  conditions  at  any  given 
time,  the  combined  length  of  the  two  transducers  should  be  no 
less  than  approximately  90  percent  of  the  center-to-center 
distance  between  the  two  transducers.  It  has  been  found 
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generally  desirable  to  limit  the  total  number  of  fingers  in  each 
transducer  to  about  120.  thus  the  long  transducer  is  usually 
thinned  into  a  ladder  type  structure  [141.  as  illustrated  in  Fig.  4. 
This  results  in  a  device  with  only  about  5  to  6  percent  of  the 
active  acoustic  area  covered  with  aluminum  in  the  transducers. 
Additional  fingers  can  be  used  to  achieve  lower  insertion  loss, 
but  this  increases  the  undesirable  influence  of  the  metaiization 
on  turn-over  temperature,  triple  transit  reflections,  and 
frequency  accuracy.  If  desired,  electrically  inactive  fingers  Iso 
called  "dummy"  electrodes)  may  be  used  in  order  to  reduce 
ripple  in  the  insertion  loss  and  transmission  phase  responses. 
This  might  be  done,  for  example,  in  order  to  achieve  a  smoother 
frequency  versus  tuning  voltage  transfer  characteristic,  as  well 
as  to  achieve  a  smoother  frequency  versus  temperature 
characteristic  for  the  oscillator  design. 

Aduitional  factors  influencing  SAW  resonator  and  delay 
line  designs  for  oscillator  applications  are  discussed  in  Ref,  [5|. 


IV.  COMPONENT  RESIDUAL  NOISE  MEASUREMENTS 

Residual  phase  noise  measurements  have  been  used  for 

some  time  to  characterize  devices  in  the  transmission  [15]-(18], 

as  well  as  reflection  [19]  modes.  The  realization  of  extremely  low 

phase  noise  VHF.  UHF  and  microwave  oscillators  is  critically 

dependent  upon  the  use  of  components,  e.g.,  amplifiers,  SAW 

devices,  electronic  phase  shifters,  etc.,  which  possess  verifiably 

low  residual  phase  noise  levels.  The  utility  of  residual  phase 

noise  measurements  is  due  to  the  fact  that  there  is  a  one-to-one 

relationship  between  an  oscillator’s  closed-loop  (oscillator)  flicker 

FM  noise  (1/f*  I  and  open-loop  (residual)  flicker  PM  noise  ll/f  ) 
m  m 

levels  [4J,  namely 

-  A'V  +  l°xlog10{  l'(2"V>2  ,6> 

+  10xlog10ll/fm(2 

where  d?,-,(f  )  is  the  oscillator’s  single  sideband  flicker  FM 
noise  spectrum  expressed  in  dBc/Hz,  is  the  residual 

flicker  PM  noise  spectrum  for  the  oscillator  when  measured 
looking  through  the  feedback  loop  (same  test  configuration  as 
described  previously  for  oscillator  set-up)  expressed  in  dBc/Hz, 
fm  is  the  carrier  offset  frequency  in  Hz,  and  x^  is  the  SAW 
device’s  group  delay,  in  seconds,  when  the  oscillator  loop  is 
closed.  For  a  SAW  resonator  its  group  delay  may  also  be  found 
using  the  relationship  xg  =  QL/(rtFQ),  where  Fq  is  the 
oscillator's  carrier  frequency  in  Hz.  It  is  important  to  realize 


that  CS.j^fm)  represents  the  algebraic  sum  of  all  the  potential 
flicker  phase  noise  contributions  in  the  feedback  loop  due  to  the 
loop  amplifierls),  SAW  device,  electronic  phase  shifter,  etc. 
Therefore,  if  a  given  level  for  the  oscillator’s  flicker  FM  noise 
level  (1/f  (  *s  desired.  Equation  (6)  may  be  used  to  set  an  upper 
limit  on  the  acceptable  residual  flicker  PM  noise  for  each 
component  in  the  loop  which  is  found  to  significantly  contribute 
to  the  oscillator  loop’s  residual  flicker  phase  noise  level.  We 
have  found  in  our  own  work  that  for  SAW  resonator  and  delay 
line  oscillators  such  as  those  described  in  Section  V  that  it  is 
often  quite  difficult,  if  not  impossible,  to  actually  uniquely 
identify  the  particular  component  which  is  dominating  the 
oscillator’s  flicker  FM  noise  level.  In  reality,  one  or  more 
components  (typically  the  limiting  loop  amplifier  and  the  SAW 
device)  may  both  be  contributing  on  a  more  or  less  equal  basis. 

The  basic  residual  phase  noise  measurement  set-up  is 
shown  in  Fig.  5.  The  choice  of  a  test  source  depends  upon  a 
number  of  factors.  Generally,  a  frequency  synthesizer  based  test 
source  configuration  is  most  useful  when  evaluating  the  residual 
flicker  phase  noise  level  of  a  SAW  resonator  or  delay  line  device, 
since  it  may  readily  be  adjusted  in  frequency  in  order  to  test  a 
wide  variety  of  relatively  narrow  bandwidth  devices.  We  have 
previously  shown  [20]  that  a  state-of-the-art,  extremely  low  noise 
(both  PM  and  AM)  SAW  resonator  oscillator  is  quite  useful 
when  evaluating  the  residual  phase  noise  properties  of 
components  which  may  exhibit  appreciable  AM-to-PM 
conversion  sensitivities,  e.g.,  amplifiers,  electronic  phase 
shifters,  etc.  Figure  6  shows  the  measured  residual  flicker  phase 
noise  level  for  a  500  MHz  SAW  resonator  device  with  an  active 
acoustic  aperture  of  300  X  and  an  effective  cavity  length  of 
approximately  365  X,  with  x^  -  2.5  usee.  The  solid  line  ( l/fm 
slope)  shown  in  Fig.  6  represents  the  limiting  residual  phase 
noise  system  sensitivity  floor  for  measurements  on  SAW 
resonator  devices  in  this  frequency  range  (typical  insertion  loss 
less  than  7  to  9  dB).  A  Hewlett-Packard  8662A  frequency 
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Fig.  5  Residual  Phase  Noise  Measurement  Set-up  at  500 
MHz. 
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Fig.  6  Measured  Residual  Flicker  Phase  Noise  Level  for  a 
Typical  500  MHz  AQP  SAW  Resonator  Device  After  a 
High  Power  RF  Burn-in. 

synthesizer  was  used  as  the  test  source  for  the  measurement. 
Figure  7  illustrates  a  typical  residual  flicker  phase  noise  level 
measured  on  a  675  MHz  SAW  delay  line  device  (x  -  0.45  usee). 
The  solid  line  ( 1/f  m  slope)  shown  in  Fig.  7  represents  the  limiting 
residual  flicker  phase  noise  system  sensitivity  floor  for 
measurements  on  SAW  delay  line  devices  in  this  frequency 
range  (typical  insertion  loss  less  than  20  to  22  dB).  Once  again  a 
Hewlett-Packard  8662A  Frequency  Synthesizer  was  used  as  the 
test  source  for  the  measurements.  It  should  be  noted  that  the 
measured  flicker  noise  level  for  both  cases  just  illustrated  are 
each  within  3  dB  of  the  limiting  system  sensitivity  noise  floor, 
and  therefore  the  actual  residual  flicker  phase  noise  levels  for 
the  SAW  devices  are  substantially  (at  least  3  dB)  lower  than  the 
measurements  would  otherwise  suggest.  Generally,  residual 
flicker  noise  measurements  on  SAW  resonators  are  limited  to 
carrier  offset  frequencies  less  than  about  100  Hz.  while  for  SAW 
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Fig.  7  Measured  Residual  Flicker  Phase  Noise  Level  for  a 
Typical  675  MHz  AQP  SAW  Delay  Line  Device 
Without  a  High  Power  RF  Burn-in. 


delay  line  devices  they  are  limited  to  carrier  offset  frequencies 
less  than  approximately  1  kHz.  since  de-correlation  of  the  test 
source's  phase  noise  will  occur  due  to  the  rather  substantial 
unmatched  delay  introduced  in  one  test  leg  by  the  device  under 
test. 

It  is  interesting  to  note  that  while  the  SAW  resonator 
device  whose  residual  flicker  FM  noise  was  shown  in  Fig.  6 
received  a  burn-in  using  a  high  power  incident  RF  signal  level 
|21|,  the  delay  line  device  illustrated  in  Fig.  7  was  not  burned-in. 
In  general,  we  have  found  that  the  high  power  RF  burn-in 
technique  may  be  used  to  lower  the  flicker  phase  noise  levels  A 
both  SAW  resonator  as  well  as  SAW  delay  line  devices. 
However,  many  of  our  devices,  both  resonators  and  delay  lines, 
are  sufficiently  close  to  the  limiting  system  sensitivity  noise 
floor  even  prior  to  burn-in  that  we  are  really  unable  to  tell 
directly  whether  the  burn-in  has  actually  accomplished  its 
objective  or  not.  let  alone  to  what  extent  the  burn-in  may  have 
improved  the  device's  flicker  PM  noise  level.  In  these 
circumstances,  the  only  way  to  really  tell  whether  the  high 
power  RF  burn-in  has  effected  a  decrease  in  a  device’s  flicker 
noise  level  is  to  evaluate  the  device's  performance  in  a  "test 
bed"  oscillator  circuit  of  demonstrated  low  residual  f!5  -r  noise. 
Clearly,  this  approach  will  ultimately  be  limited  by  t..<±  residual 
flicker  noise  level  of  the  "test  bed"  oscillator  circuit  itself! 

If  a  suitably  low  noise  test  sou.ee  is  used,  then  the  basic 
residual  phase  noise  test  set-u".  shown  in  Fig.  5  is  capable  of 
evaluating  the  residual  phase  noise  properties  of  electronic 
components,  e.g..  amplifiers  and  electronic  phase  shifters,  for 
carrier  offset  from  1  Hz  to  40  MHz  with  unprecedented 
sensitivity  and  reproducibility  |20j.  Figure  8  illustrates  the 
measurement  technique  for  three  similar  amplifier  designs  from 
three  different  vendors.  The  specific  amplifiers  are:  1)  Cougar 
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Fig.  8  Residual  Phase  Noise  Measured  for  Three  Similar 
Amplifiers  Using  SAWRO  Test  Source. 
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AC-509,  2)  Wafkins-Johnson  PA3-1,  and  31  Avantek  UTO-509. 
For  all  three  amplifiers  the  test  conditions  were  identical, 
namely  an  incident  RF  test  power  level  of  +12.0  dBm  at  the 
amplifier's  input.  These  three  amplifiers  are  all  remarkably 
similar  in  their  nominal  electrical  performance  parameters, 
which  are  summarized  in  Table  !,  along  with  the  results  of  our 
own  electrical  measurements  on  the  devices  which  were  tested. 
The  UTO-509’s  residual  phase  noise  performance  shown  in  Fig. 
8  is  typical  of  that  observed  on  more  than  one  hundred  devices, 
while  the  specific  PA3-1  and  AC-509  data  shown  in  Fig.  8  was 
essentially  identical  for  samples  of  three  and  four  devices, 
respectively.  It  is  interesting  to  note  that  both  the  PA3-1  and 
the  AC-509  have  consistently  higher  levels  of  residual  flicker 
noise,  when  compared  to  the  UTO-509.  Also,  all  four  AC-509s 
which  were  tested  exhibited  an  anomalous  residual  phase  noise 
"bump"  near  6  kHz  carrier  offset  frequency.  Finally,  the  higher 
residual  white  phase  noise  floor  measured  for  the  PA3-1  is 
consistent  with  the  fact  that  its  noise  figure  was  found  to  be 
approximately  2  dR  higher  than  that  of  the  UTO-509.  However, 
the  comparatively  high  white  phase  noise  floor  for  the  AC-509 
cannot  be  explained  in  a  similar  manner.  Separate  residual 
phase  noise  measurements  were  performed  on  each  amplifier 
using  a  frequency  synthesizer  (Hewlett-Packard  8662AI  based 
test  source,  primarily  for  its  quantitatively  higher  AM  noise 
level,  thereby  confirming  that  the  AC-509  does  indeed  have  a 
consicLuubiy  higher  AM-to-PM  conversion  factor  than  either  of 
the  other  amplifiers.  These  results  are  shown  in  Fig.  9.  It  is 
evident  that  even  with  the  extremely  low  noise  SAW  resonator 
oscillator  based  test  source  configuration,  it  simply  isn’t  possible 
to  accurately  measure  this  particular  amplifier's  (the  AC-509) 
residual  white  phase  noise  floor  properties,  at  least  when  only  a 
single  device  is  tested  at  one  time. 


Fig.  9  Residual  Pha  Noise  Measured  for  Three  Similar 
Amplifiers  Using  Synthesizer  Test  Source. 
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Recently,  we  have  found  that  testing  two  amplifiers  at  a 
time  (one  in  each  test  leg  shown  in  Fig.  5)  improves  the  situation 
dramatically  for  DUTs  with  large  AM-to-PM  conversion  factors. 
This  is  because  the  resulting  PM  in  each  test  leg  due  to  the  test 
source's  AM  noise  will  be  correlated  and  therefore  largely  cancel, 
in  a  manner  similar  to  the  measurement  configuration’s 
suppression  of  the  test  source’s  PM  noise.  One  disadvantage  of 
this  approach  is  that  three  DUTs  would  have  to  be  tested  (#1  vs. 
#2,  #1  vs.  H3.  and  #2  vs.  #3)  in  order  to  uniquely  extract 
information  about  each  individual  amplifier’s  residual  phase 
noise  properties. 

It  is  perhaps  interesting  to  note  that  neither  an  amplifier’s 
residual  flicker  noise  level,  nor  the  possible  presence  of  "bumps" 
in  its  residual  phase  noise  spectrum,  are  predictable  based  upon 
any  other  electrical  characteristic  that  we  are  aware  of.  including 
a  small-signal  noise  figure  measurement.  Furthermore,  as  has 
been  shown,  even  very  similar  amplifier  designs  from  different 
vendors  can  differ  markedly  in  their  residual  phase  noise 
characteristics,  even  though  their  other  nominal  electrical 
parameters  are  nearly  identical.  It  has  been  our  experience  that 
every  single  amplifier  must  be  "screened"  before  use  in  an 
oscillator  design  where  truly  state-of-the-art  phase  noise 
performance  is  desired.  Otherwise,  you  will  constantly  be 
attempting  to  diagnose  which  component  (or  components  if 
Murphy’s  Law  is  found  to  prevail!)  is  the  culprit  when  a 
particular  oscillator's  phase  noise  spectrum  simply  doesn’t  meet 
its  intended  specification. 


The  basic  residual  phase  noise  measurement  technique 
may  also  be  applied  to  other  linear  electronic  components  as 
well,  e.g.,  an  electronic  phase  shifter.  Since  an  electronic  phase 
shifter  is  quite  often  used  in  the  feedback  loop  of  a  voltage 
controlled  oscillator,  its  residual  phase  noise  performance  is  very 
important.  Figure  10  shows  the  circuit  schematic  for  a  low 
noise,  electronic  phase  shifter  with  an  extremely  linear 
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transmission  phase  shift  versus  tuning  voltage  characteristic. 
This  basic  phase  shifter  design  has  been  used  with  considerable 
success  in  a  number  of  tow  noise,  500  MHz  SAWROs  (1|-(3|. 
Figure  1 1  shows  a  typical  residual  phase  noise  measurement  on 
an  electronic  phase  shifter.  The  test  was  performed  with  an  RF 
power  level  of  +23.5  dBm  incident  on  the  device.  This  is  almost 
10  dB  higher  than  the  actual  RF  power  level  which  the  phase 
shifter  sees  in  the  oscillator  circuits  it  has  been  used  in.  Once 
again,  the  measured  residual  phase  noise  level  is  within  3  dB  of 
the  limiting  system  sensitivity  noise  floor  for  the  measurement, 
as  denoted  by  the  solid  line  fl/fm  slope)  in  Fig.  11.  Since  this 
result  is  so  close  to  the  measurement  system's  flicker  phase 
noise  floor,  we  can  only  infer  that  the  electronic  phase  shifter’s  1 
Hz  intercept  for  its  residual  flicker  phase  noise  is  approximately 
-150  dBc/Hz.  or  possibly  even  lower. 


resonator,  a  SAW  delay  line,  and  an  RF  amplifier,  respectively, 
are  due  to  the  varying  loss  or  gain  exhibited  by  these  devices. 
While  an  amplifier  such  as  the  UTO-509  may  be  tested  as  shown 
explicitly  in  Fig.  5,  one  (for  a  SAW  resonator)  or  more  (for  a 
SAW  delay  line)  RF  amplifiers  must  be  used  when  testing 
devices  with  significant  insertion  losses  (greater  than  2  or  3  dB) 
in  order  to  achieve  the  best  limiting  system  sensitivity  noise 
floor  for  the  measurement.  Thus  the  amplifiers  which  must  be 
used  to  test  the  residual  flicker  noise  levels  of  SAW  resonators 
and  delay  lines  are  part  of  the  "basic"  residual  phase  noise 
set-up,  and  their  own  flicker  noise  levels  are  therefore  part  of  the 
limiting  system  sensitivity  flicker  noise  level. 

While  there  are  some  obvious  limitations  upon  ones  ability 
to  accurately  test  devices  for  their  residual  flicker  noise  levels 
when  these  levels  are  less  than  about  -145  dBc/Hz.  the  residual 
noise  measurement  technique  just  described  is  still  extremely 
useful  as  a  means  of  "weeding  out"  components  which  are 
clearly  too  noisy  for  the  intended  application.  Finally,  as  even 
lower  residual  noise  phase  detectors  (mixers).  RF  amplifiers  and 
video  (baseband)  low  noise  amplifiers  (LNAs)  are  developed  our 
ability  to  characterize  component  residual  noise  properties  will 
correspondingly  improve.  We  are  slowly  approaching  the  point 
where  a  significant  improvement  in  our  limiting  residual  phase 
noise  system  floors  will  be  necessary  in  order  to  successfully 
pursue  a  further  order  of  magnitude  reduction  (to  -60  to  -65 
dBc/Hz  at  1  Hz  carrier  offset  for  a  500  MHz  SAW  resonator 
based  oscillator  and  to  -50  dBc/Hz  to  -55  dBc/Hz  at  1  Hz  carrier 
offset  for  a  400  MHz  SAW  delay  line  { =  1.55  usee}  based 
oscillator)  in  a  SAW  oscillator's  flicker  FM  nc:se  level. 


Fig.  1 !  (esidual  Phase  Noise  Measured  on  a  Typical  Electronic 
Phase  Shifter, 


It  is  perhaps  worth  commenting  here  that  the  limiting 
measurement  system  sensitivity  noise  floors  shown  in  Figs.  6,  7, 
and  8,  for  residual  phase  noise  measurements  on  a  SAW 


V.  OSCILLATOR  DESIGN  EXAMPLES 

A.  Introduction 

While  many  factors  enter  into  the  design  of  an  oscillator  in 
response  to  a  desired  set  of  performance  parameters,  we  have 
generally  found  that  the  specified  phase  noise  spectrum  is  given 
considerable  weight  when  evaluating  whether  a  particular  design 
is  truly  capable  of  addressing  a  specific  oscillator  requirement. 
Other  performance  parameters,  e.g.,  vibration  sensitivity, 
harmonic  and  spurious  output  signal  levels,  load  pulling 
sensitivity,  dc  power  supply  pushing  sensitivity,  etc.,  may  take  a 
back  seat  in  comparison  to  phase  noise  although  an  increased 
emphasis  is  now  evident  for  low  phase  noise  oscillators  with 
minimal  vibration  sensitivities  (~  lxio'^/g  per  axis)  for  airborne 
and  missile  operating  environments.  Reference  |7|  presents 
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detailed  discussions  of  the  various  factors  wh'ch  may  enter  into 
the  design  of  an  oscillator  in  response  to  a  particular  set  of 
requirements.  In  the  examples  which  follow,  the  oscillators' 
phase  noise  spectra  were  considered  of  paramount  importance, 
and  every  attempt  was  made  to  achieve  the  best  overall  phase 
noise  performance  in  each  case. 

B  Lotv  Phase  Noise  5/1  W  Resonator  VCOs 

We  have  previously  described  our  efforts  to  develop 
extremely  low  phase  noise  SAW  resonator  VCOs  |1|-[3|.  based 
upon  the  feedback-loop  oscillator  architecture  illustrated  in  Fig. 
12.  Typically,  for  more  than  twenty  engineering  prototype 
oscillators,  their  phase  noise  performance  was  as  illustrated  in 
Fig.  13.  A  white  phase  noise  floor  of  approximately  -177  dBc/Hz 
for  carrier  offset  frequencies  greater  than  100  kHz.  and  a  flicker 
FM  noise  level  of  -75  dBc/Hz  at  10  Hz  carrier  offset  were 
routinely  achieved.  While  this  is  nor  quite  as  low  as  described  in 
Ref.  (1).  some  compromises  were  necessary  in  order  that  the 
oscillators  could  be  manufactured  in  production  with  acceptable 
yields.  The  various  electronic  components  used  in  the  oscillator 
design  were  described  in  Ref.  [3). 


Fig.  12  Circuit  Diagram  for  a  SAW  Resonator  Based  UHF 
Voltage  Controlled  Oscillator. 


Fig.  13  Typical  Phase  Noise  Spectrum  Measured  for  One  500 
MHz  SAW  Resonator  VCO. 


More  recently,  we  have  realized  noticeable  (>  3  dBi 
improvements  in  both  the  close-to-carrier  flicker  FM  phase  noise 
level,  as  well  as  the  white  PM  noise  level  far-from-the-carrier.  for 
laboratory  prototype  500  MHz  SAW  resonator  oscillators.  This 
has  been  achieved  by  incorporating  a  new  dual  aperture  SAW 
resonator  design,  as  shown  schematically  in  Fig.  14,  as  well  as 
by  using  an  even  higher  power,  yet  still  suitably  low  residual 
flicker  noise  TO-8  RF  amplifier,  namely  the  UTO-1023 
(Avantek).  The  result  of  these  enhancements  is  shown  in  Fig.  15 
for  a  laboratory  prototype  oscillator.  The  small  "dip"  14  or  5  dB) 
in  measured  phase  noise  near  750  kHz  carrier  offset  is 
attributable  to  noise  degeneration  in  the  loop  due  to  the  two 
satellite  SAW  device  icsonances,  since  the  net  transmission 
phase  shift  through  the  loop  is  almost  exactly  180°  at  this 
carrier  offset  frequency!  This  is  the  only  observable  consequence 
of  our  basic  multi-cavity  mode  SAW  resonator  design  described 
earlier.  It  should  be  noted  that  even  for  two  SAW  resonators 
fabricated  at  the  same  time  in  reasonably  close  proximity  on  a 
single  quartz  substrate,  they  will  quite  often  not  have  identical 
resonant  frequencies.  This  is  illustrated  by  the  frequency 
response  characteristic  shown  in  Fig.  16(al.  It  is  readily 
apparent  that  the  overall  frequency  response  of  the  composite 


Fig.  14  Dual  Aperture  SAW  Resonator  Design. 
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Fig.  15  Phase  Noise  Spectrum  for  a  Laboratory  Prototype  500 
MHz  SAW  Resonator  VCO. 
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devices  which  we  have  described  previously  ( 1 H3J.  except  that 
the  unloaded  Qs  for  the  dual  aperture  devices  were  substantially 
better  than  those  measured  on  single  wide  aperture  resonators. 
This  is  attributable  to  the  significant  reduction  in  finger 
resistance  land  thereby  ohmic  losses)  for  the  dual  aperture 
device  design. 

While  the  phase  noise  spectrum  shown  in  Fig.  14 
represents  the  current  state-of-the-art  for  a  500  MHz  SAW 
resonator  oscillator,  by  no  means  does  it  represent  a  limit  to 
what  may  ultimately  be  achieved  with  further  improvements  in 
both  SAW  resonator  design  and  fabrication  techniques,  as  well 
as  anticipated  improvements  in  EF  amplifier  residual  phase 
noise  levels. 


C.  Low  Noise  SA  W  Delay  Line  VCOs 
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Fig.  io  Insertion  Gain  and  Transmission  Phase  riots  for  a 
Dual  Channel  SAW  Resonator  Device,  (a)  Before 
Laser-Trimming,  (b)  After  Laser-Trimming. 

dual  channel  device  is  substantially  degraded  due  to  this 
splitting  of  the  individual  device  resonant  frequencies.  As 
described  previously,  laser-trimming  of  the  individual  resonant 
frequencies  was  used  in  order  to  eliminate  this  problem  {10]. 
The  resulting  improvement  in  the  device’s  frequency  response  is 
shown  in  Fig.  16(b),  after  laser-trimming.  Each  resonator  device 
had  an  active  acoustic  aperture  of  150  X,  thus  the  dual  resonator 
device  was  essentially  equivalent  to  the  single  300  X  resonator 


While  SAW  delay  line  oscillators  have  generally  been 
considered  too  noisy  for  most  low  noise  applications,  we  have 
recently  found  that  AQP  SAW  delay  line  devices  can  possess 
flicker  phase  noise  levels  which  are  substantially  better  than 
previously  expected.  This  was  indicated  in  Fig.  7  for  a  675  MHz 
AQP  SAW  delay  line  device.  In  general,  some  of  this 
improvement  undoubtedly  results  from  the  fact  that  a  high 
power  RF  burn-in  has  also  been  found  to  be  effective  in  reducing 
the  flicker  phase  noise  of  SAW  delay  line  devices.  However,  as 
noted  the  delay  line  devices  whose  residual  flicker  noise  levels 
were  shown  in  Fig.  7  did  not  receive  a  high  power  burned-in. 
Careful  AQP  design  for  SAW  delay  line  devices  helps  to 
minimize  reflected  signals,  while  the  recessed  transducer 
metallization  (and  "dummy"  electrodes  if  necessary)  will  help  to 
eliminate  spurious  triple  transit  reflections.  It  has  been  shown 
that  these  spurious  signal  may  contribute  to  a  device's  measured 
flicker  phase  noise  level  [22].  It  goes  without  saying  that  the 
transducer  metallization  process  ICu-doped  aluminum  in  all  of 
our  SAW  resonator  and  delay  line  devices,  deposited  using 
standard  E-beam  evaporation  techniques)  should  obviously  be 
well  controlled  and  reproducible,  since  we  have  seen  isolated 
instances  where  a  device’s  flicker  noise  has  been  significantly 
degraded  due  to  improper  film  deposition  conditions. 

Figure  17  shows  the  basic  circuit  schematic  for  an 
engineering  prototype  400  MHz  SAW  delay  line  oscillator.  The 
SAW  device's  group  delay  was  approximately  1.55  usee.  All 
three  RF  amplifiers  were  Avantek  UTO-509s.  This  particular 
oscillator  has  a  usable  tuning  range  of  ±150  kHz  (sufficient  to 
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maintain  phase  lock  to  a  stable  reference  signal  over 
temperature  as  well  as  all  other  environmentally  induced 
frequency  changes),  yet  it  still  has  a  white  phase  noise  floor  of 
approximately  -170  dBc/Hz  and  a  flicker  FM  noise  level  of  -70 
dBc/Hz  at  10  Hz  carrier  offset,  as  illustrated  by  the  measured 
phase  noise  spectrum  shown  in  Fig.  18.  The  broad  "dip"  in  the 
oscillator's  phase  noise  floor  which  is  evident  near  350  kHz 
carrier  offset  is  due  to  noise  degeneration  in  the  feedback  loop  at 
frequencies  ±l/(2t^|  (-  +325  kHz)  where  the  net  transmission 
phase  through  the  feedback  loop  is  180°  and  the  SAW  delay  line 
device’s  insertion  loss  is  not  too  large.  In  general,  the  smaller 
group  delay  and  higher  insertion  loss  of  a  SAW  delay  line  in 
comparison  to  a  SAW  resonator  will  preclude  delay  line  based 
oscillators  from  achieving  phase  noise  levels  comparable  to  those 
demonstrated  by  SAW  resonator  oscillators,  but  in  many 
applications,  e.g.,  very  wideband  VCOs,  the  considerably  larger 
tuning  range  of  a  SAW  delay  line  oscillator  is  quite  important. 
The  phase  noise  performance  shown  in  Fig.  18  serves  to 
illustrate  that  good  phase  noise  performance  may  still  be 
achieved  even  for  a  relatively  wideband  SAW  delay  line 
oscillator. 


Fig.  17  Circuit  Diagram  for  a  SAW  Delay  Line  Based  UHF 
VCO. 
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Fig.  18  Measured  Phase  Noise  Spectrum  for  One  Engineering 
Prototype  400  MHz  SAW  Delay  Line  VCO. 


More  recently,  a  laboratory  prototype  675  MHz  SAW 
VCO  was  evaluated  based  upon  devices  similar  to  those  whose 
residual  flicker  noise  was  shown  in  Fig.  7.  The  same  basic 
circuit  design  as  shown  in  Fig.  17  was  once  again  used,  but  now 
the  three  amplifiers  were  each  UTO-1005s.  This  particular 
amplifier  is  essentially  "identical"  to  the  UTO-509,  except  that 
reactive  broadbanding  has  been  used  to  achieve  comparable 
electrical  performance  to  1  GHz,  rather  than  to  the  500  MHz 
upper  limit  of  the  UTO-509.  The  measured  phase  noise 
spectrum  for  one  such  oscillator  is  shown  in  Fig.  19.  Since  the 
group  delay  of  this  device  is  only  0.45  usee,  an  oscillator  properly 
configured  with  this  delay  line  device  would  be  capable  of 
electronic  frequency  tuning  over  a  +550  kHz  range,  with 
negligible  degradation  in  its  phase  noise  spectrum.  In  spite  of 
this  extremely  wide  tuning  range  potential,  the  oscillator  still 
possesses  a  white  phase  noise  floor  of  approximately  -167 
dBc/Hz,  and  a  flicker  FM  noise  level  of  -60  dBc/Hz  at  10  Hz 
carrier  offset.  The  broad  "dip"  in  the  oscillator’s  phase  noise 
floor  near  1  MHz  carrier  offset  is  once  again  attributable  to  noise 
degeneration  in  the  feedback  loop  for  frequencies  +1/(2t^)  1-1.1 
MHz)  removed  from  the  carrier,  where  the  net  loop  transmission 
phase  shift  is  180°.  The  approximately  10  dB  degradation  in 
flicker  FM  noise  level  for  this  delay  line  oscillator,  in  comparison 
to  the  result  for  the  400  MHz  SAW  delay  line  oscillator’s  flicker 
FM  noise  level  shown  in  Fig.  16,  is  due  almost  entirely  to  the 
difference  in  group  delay  between  the  two  devices  li.e.. 
10x)og1(j{1.55/0.45}2  =  10.7  dB)  [51.  The  difference  in  white 
phase  noise  floor  levels  between  the  two  delay  line  oscillators  is 
primarily  due  to  the  somewhat  .'.iferior  noise  figure  of  the 
UTO-1005  in  this  frequency  range  in  comparison  to  the 
UTO-509,  as  well  as  to  the  fact  that  the  output  power  at  3  dB  of 
gain  compression  for  the  UTO-1005  is  also  somewhat  reduced 
compared  to  that  for  the  UTO-509. 
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Fig.  19  Measured  Phase  Noise  Spectrum  for  One  Laboratory 
Prototype  675  MHz  SAW  Delay  Line  VCO. 
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In  either  case,  it  is  evident  that  careful  SAW  device 
design,  as  well  as  close  attention  to  processing  parameters, 
along  with  close  monitoring  of  electronic  component  residual 
phase  noise  levels  can  result  in  SAW  delay  line  VCOs  with 
extremely  wide  tuning  ranges,  while  simultaneously  maintaining 
very  low  phase  noise  levels. 

D  An  L-band  Dielectric  Resonator  Oscillator 

While  an  L-band  dielectric  resonator  oscillator  may  be 
quite  large  land  heavy  to  boot),  if  properly  designed  it  is  capable 
of  phase  noise  performance  which  cannot  be  equaled  using  any 
other  currently  practical  oscillator  technology.  However,  it  has 
also  been  noted  that  the  vibration  sensitivity  likely  to  be 
achievable  with  dielectric  resonator  oscillators  will  be  inferior  to 

o 

that  readily  achievable  with  SAW  devices  (1x10  / g  per  axis)  (4). 
If  phase  noise  is  the  primary  motivating  performance 
requirement,  then  a  dielectric  resonator  is  worthy  of 
consideration.  Figure  20  shows  the  very  basic  feedback-loop 
oscillator  design  which  we  have  implemented  with  a 
conventional  two-port,  transmission  mode  dielectric  resonator 
cavity  design.  The  resulting  phase  noise  spectrum  for  the  982 
MHz  dielectric  resonator  oscillator  is  shown  in  Fig.  21.  Note 
that  it  is  superior  (by  anywhere  from  3  to  6  dB)  to  the  SAW 
resonator  result  shown  in  Fig.  15,  after  that  result  has  been 
referenced  to  L-band  (-  6  dB  phase  noise  degradation).  It  is 
worth  noting,  in  view  of  our  earlier  comment  about  the  relatively 
high  vibration  sensitivities  reported  for  DR  oscillators,  that  the 
noticeable  perturbations  to  the  DRO’s  phase  noise  spectrum  in 
the  10  Hz  to  40  Hz  offset  range  are  likely  due  to  mechanical 
vibrations  coupling  into  the  dielectric  resonator  oscillator 
assembly,  in  spite  of  reasonable  efforts  to  eliminate  the  problem 
by  vibration  isolating  the  oscillator  with  foam,  as  well  as  other 
materials.  The  basic  design  approach  and  component  evaluation 
techniques  previously  described  were  applied  here  to  the 
dielectric  resonator  oscillator  as  well. 

BraSS  B8N90I006 


Dielectric  Resonator 
Trans-Tech  8515 


Fig.  21  Measured  Phase  Noise  Spectrum  for  One  L-band  1982 
MHz)  Dielectric  Resonator  Oscillator. 


E.  Summary 

It  is  indeed  gratifying  that  the  basic  feedback  loop 
oscillator  design,  which  was  first  analyzed  by  Leeson.  may  be 
successfully  applied  under  such  a  wide  variety  of  circumstances, 
including  the  potential  use  of  many  different  classes  of 
frequency  stabilizing  element  with  equally  satisfactory  results. 
In  fact,  it  is  perhaps  appropriate  to  conclude  with  the 
observation  that  when  properly  designed  and  implemented,  the 
feedback-loop  oscillator  configuration  is  well  suited  to  the 
realization  of  truly  state-of-the-art  oscillator  performance.  Based 
upon  our  own  experience,  this  statement  applies  not  only  to  the 
exceptionally  low  phase  noise  levels  which  have  been  achieved, 
but  also  to  any  of  the  other  measures  of  an  oscillator's 
performance  which  might  be  applied,  as  we  have  previously 
demonstrated  il]-|3j. 


VI.  SUMMARY  &  CONCLUSIONS 

We  have  shown,  using  several  diverse  design  examples, 
that  the  basic  feedback-loop  oscillator  configuration  is  well 
suited  to  high  performance  oscillator  design  in  the  VHF.  UHF 
and  microwave  frequency  ranges,  based  upon  the  incorporation 
of  a  two-port  frequency  stabilizing  element.  State-of-the-art 
performance  was  realized  for  SAW  resonator  and  delay  line 
based  oscillators,  as  well  as  for  a  very  simple  L-band  dielectric 
resonator  oscillator  design. 

The  design  and  evaluation  techniques  just  discussed  have 
proven  to  be  invaluable  in  selecting  the  proper  types  of 
components  for  obtaining  truly  low  noise  oscillator  performance. 
As  shown  in  Fig.  8  not  all  amplifiers  are  created  equal,  at  least 
with  regard  to  their  residual  phase  noise  levels.  Residual  phase 


Fig.  20  Circuit  Diagram  for  a  Basic  Dielectric  Resonator 
Stabilized  Feedback-loop  Oscillator. 


noise  measurements  are  also  very  valuable  in  screening  out 
obviously  defective  components  that  would  otherwise  contribute 
unacceptably  high  levels  of  residual  phase  noise.  The  proper 
evaluation  of  amplifier  characteristics  has  allowed  us  to  predict 
an  oscillator’s  white  phase  noise  floor  to  within  about  +1  to 
+2  dB.  However,  the  ability  to  predict  flicker  FM  noise  levels  on 
individual  oscillators  (based  upon  component  residual  noise 
measurements)  has  been  somewhat  limited  due  to  the  fact  that 
in  many  cases  the  residual  flicker  PM  noise  levels  of  the 
components  are  at  or  below  measurable  levels.  Experience  with 
more  than  thirty  fully  characterized  PC  board  oscillators  (SAW 
resonator,  SAW  delay  line  and  dielectric  resonator  based)  has 
given  us  considerable  confidence  in  the  feedback-loop  oscillator 
based  design  procedures  which  we’ve  described, 

However,  there  are  always  exceptions,  indicating  that 
there  is  still  more  to  be  learned.  A  small  fraction  of  some 
recently  fabricated  L-band  hybrid  circuit  SAW  resonator 
oscillators  (using  Avantek  MSA-0770  RF  amplifiers)  have  shown 
unusually  high  flicker  FM  noise  levels,  even  after  the 
components  had  all  been  carefully  screened  for  residual  noise 
prior  to  the  oscillators’  assembly.  In  one  case,  we  even 
measured  the  open-loop  residual  flicker  PM  noise  of  an  oscillator 
and  found  it  to  be  consistent  with  its  high  level  of  closed-loop 
flicker  FM  noise.  Yet,  repeated  measurements  of  the  individual 
component's  residual  flicker  PM  noise  levels  failed  to  reveal  the 
culprit.  In  spite  of  our  best  efforts,  we  have  not  been  able  to 
determine  why  that  particular  oscillator  had  such  a  high  flicker 
noise  level.  Clearly,  there  are  factors  present  that  are  not  as  yet 
fully  understood. 


REFERENCES 

(1)  G.  K.  Montress,  T.  E,  Parker,  and  M.  J.  Loboda, 
"Extremely  Low  Phase  Noise  SAW  Resonator  Oscillator 
Design  and  Performance",  in  Proceedings  of  the  IEEE 
Ultrasonics  Symposium,  1987,  Vol.  1,  pp.  47-52. 

(2]  T.  E.  Parker  and  G.  K.  Montress.  "Low  Noise  Saw 
Resonator  Oscillators",  in  Proceedings  of  the  43rd  Annual 
Symposium  on  Frequency  Control.  1989,  pp.  588-595. 

[?'  T.  E.  Parker  and  G.  K.  Montress,  "Frequency  Stability  of 
High  Performance  SAW  Oscillators",  in  Proceedings  of 
the  IEEE  Ultrasonics  Symposium,  1989,  Vol.  1,  pp.37-45. 


14)  M.  J.  Loboda,  T.  E.  Parker,  and  G.  K.  Montress, 
"Frequency  Stability  of  L-Band,  Two-Port  Dielectric 
Resonator  Oscillators",  IEEE  Transactions  on 
Microwave  Theory  and  Techniques.  Vol.  MTT-35.  No.  12, 
pp.  1334-1339,  December  1987. 

15)  T.  E.  Parker  and  G.  K.  Montress,  "Precision  Surface 
Acoustic  Wave  (SAW)  Oscillators',  IEEE  Transactions 
on  Ultrasonics,  Ferroelectrics.  and  Frequency  Control, 
Vol.  UFFC-35,  No.  3,  pp.  342-364,  May  1988. 

|6)  D.  B.  Leeson,  "A  Simple  Model  of  Feedback  Oscillator 
Noise  Spectrum,"  Proceedings  of  the  IEEE,  Vol.  54,  No. 
2,  pp.  329-330,  February  1966. 

(7)  T.  E.  Parker,  "Characteristics  and  Sources  of  Phase  Noise 
in  Stable  Oscillators,"  in  Proceedings  of  the  41st  Annual 
Symposium  on  Frequency  Control.  1987.  pp.  99-110. 

(8)  T.  E.  Parker,  J.  Callerame,  and  G.  K.  Montress,  "A  New 
All  Quartz  Package  for  SAW  Devices,"  in  Proceedings  of 
the  39th  Annual  Symposium  on  Frequency  Control.  1985, 
pp.  519-525. 

(9)  J.  A.  Greer  and  T.  E.  Parker,  'Improved  Vibration 
Sensitivity  of  the  All  Quartz  Package  Surface  Wave 
Resonator,'  in  Proceedings  of  the  42nd  Annual 
Symposium  on  Frequency  Control,  1988,  pp.  239-251. 

(10)  J.  A.  Greer,  G.  K.  Montress,  and  T.  E.  Parker, 
"Applications  of  Laser-Trimming  for  All  Quartz  Package, 
Surface  Acoustic  Wave  Devices."  in  Proceedings  of  the 
IEEE  Ultrasonics  Symposium,  1989,  Vol.  1,  pp.  179-184. 

)11)  W.  J.  Tanski  and  H.  van  de  Vaart,  "The  Design  of  SAW 
Resonators  on  Quartz  with  Emphasis  on  Two  Ports,"  in 
Proceedings  of  the  IEEE  Ultrasonics  Symposium,  1976, 
pp.  260-265. 

(12)  W.  R.  Shreve  and  P.  S.  Cross,  "Surface  Acoustic  Wave 
Resonators,"  in  Precision  Frequency  Control:  Acoustic 
Resonators  and  Filters.  Vol.  1,  F.  A.  Gerber  and  A. 
Ballato.  Eds.  New  York:  Academic  Press.  1985.  pp. 
118-145. 

|13)  W.  R.  Shreve.  R.  C.  Bray,  S.  Elliott,  and  Y.  C.  Chu, 
"Power  Dependence  of  Aging  in  SAW  Resonators,"  in 
Proceedings  of  the  IEEE  Ultrasonics  Symposium,  Vol.  1, 
1981,  pp.  94-99. 


534 


(141  J  Crabb,  M.  F.  Lewis,  and  J.  D.  Maines,  'Surface- 
Acoustic-Wave  Oscillators:  Mode  Selection  and  Frequency 
Modulation.'  Electronics  Letters.  Vol.  9.  No.  10.  pp. 
197-199,  May  17.  1973. 

(15|  F.  L.  Walls  and  A.  E.  Wainwright,  "Measurement  of  the 
Short-Term  Stability  of  Quartz  Crystal  Resonators  and 
the  Implications  for  Crystal  Oscillator  Design  and 
Applications,"  IEEE  Transactions  on  Instrumentation 
and  Measurement,  Vol.  IM-24,  No.  1,  pp.  15-20,  March 
1975. 

(16|  F.  L.  Walls  and  C.  M.  Felton,  'Low  Noise  Frequency 
Synthesis,"  in  Proceedings  of  the  41st  Annual 
Symposium  on  Frequency  Control.  1987,  pp.  512-518. 

(17)  T.  R.  Faulkner  and  R.  E.  Temple,  'Residual  Phase  Noise 
and  AM  Noise  Measurements  and  Techniques,'  Hewlett- 
Packard  Application  Note,  H-P  Part  Number  03048- 
90011. 

(18)  G.  S.  Curtis,  "The  Relationship  Between  Resonator  and 
Oscillator  Noise,  and  Resonator  Noise  Measurement 
Techniques,"  in  Proceedings  of  the  41st  Annual 
Symposium  on  Frequency  Control,  1987,  pp.  420-428. 

(19)  T.  F.  O’Shea,  M.  R.  Lewis,  and  B.  R.  Horine,  'Low-Noise 
Voltage  Controlled  SAW  Oscillator  for  Phase  Lock  Loop 
Application,"  in  Proceedings  of  the  IEEE  Ultrasonics 
Symposium,  1987,  Vol.  1,  pp.  53-59. 

(20)  G.  K.  Montress,  T.  E.  Parker,  and  M.  J.  Loboda, 
"Residual  Phase  Noise  Measurements  of  VHF,  UHF,  and 
Microwave  Components,"  in  Proceedings  of  the  43rd 
Annual  Symposium  on  Frequency  Control,  1989,  pp. 
349-359. 

(21)  M.  J.  Loboda,  T.  E.  Parker,  J.  A.  Greer,  and  G.  K. 
Montress,  "Reduction  of  Close-to-Carrier  Phase  Noise  in 
Surface  Acoustic  Wave  Resonators,"  in  Proceedings  of 
the  IEEE  Ultrasonics  Symposium,  1987,  Vol.  1,  pp. 
43-46. 

(22)  R.  L.  Baer.  "Phase  Noise  in  Surface-Acoustic-Wave  Filters 
and  Resonators,"  IEEE  Transactions  on  Ultrasonics. 
Ferroelectrics.  and  Frequency  Control,  Vol.  UFFC-35.  No. 
3,  pp.  421-425.  May  1988. 


535 


FORTY-FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


UNIVERSAL,  COMPUTER  FACIITATED,  STEADY  STATE  OSCILLATOR  ANALYSIS  THEORY 


Benjamin  Par ten 
consulting  engineer 
San  Diego,  CA  92103 


ABSTRACT 


The  theory  of  oscillator  analysis  in  the 
iaaitt&nce  doaain  is  presented.  This  theory 
enables  the  cuaputer  siaulation  of  the  steady 
state  oscillator.  The  siaulation  aakes  practical 
the  calculation  of  the  oscillator  total  steady 
state  perforaance,  including  noise.  Soae 
oscillator  applications  of  PC  prograa,  BPT, 
created  for  the  siaulation,  are  listed. 


1.  INTRODUCTION 


1.1  During  the  past  12  years,  the  writer  has  been 
developing  theory  for  oscillator  analysis  in  the 
iaaittance  doaain, 

"IMMITTANCE  DOMAIN"  aeans  that  the  basic 
relationships  are  expressed  in  teras  of 
iaaittance,  Z  =  R  +  jX  or  Y  =  G  +  jB. 

Effective  and  facile  application  of  the  theory  to 
real  probleaa  also  necessitated  the  creation  of  a 
PC  coaputer  circuit  analysis  prograa.  The  results 
of  this  effort  are 

A  reaarkably  siaple  oscillator  theory  which 
fully  describes  the  oscillator 
operation  and  which  is  readily 
translatable  into  the  real  world. 

A  very  user  friendly  aultipurpose  and  powerful 
circuit  analysis  prograa,  BPT. 

The  theory  and  prograa  are  universal  in  that  they 
apply  to  all  oscillators,  past,  present,  and 
future. 

The  theory  and  prograa  are  syabiotic,  in  that 

To  apply  the  prograa  to  oscillators,  the  theory 
aust  be  used. 

The  prograa  is  very  helpful  and  alaoBt 

indispensable  in  applying  the  theory  to 
real  oscillator  probleas  including  that 
of  inproving  the  theory. 

It  should  be  noted  that,  as  BPT  does  not 
incorporate  any  basic  inforaation  peculiar  to 
oscillators,  it  follows  that  the  theory  may  be 
used,  in  conduction  with  other  circuit  analysis 
prograa8,  to  analyze  oscillators,  but  with  such 
greater,  and  perhaps  prohibitive,  difficulty. 


1.2  The  theory  is  based  upon  the  coabination  of  2 
Mutually  compatible  osci’lator  node  Is 

The  negative  resistance  node 1  <  2 >  as  the 
priaary  model. 

The  noise  source,  amplifier,  filter,  model  *3> 
in  which,  positive  feedback  produces 
the  necessary  extremely  high  effective 
amplifier  gain,  as  the  secondary  model. 


2,  THE  NOISELESS  OSCILLATOR 
(  See  Ref  2  ) 


2. 1  Fundamental  relationships 

At  steady  state,  in  any  and  every  mesh  of  a 
hypothetically  noiseless  oscillator, 

Zt  =  $  Z  =  0  (1) 

From  which, 

£  R  =  0  (la) 

*  X  =  0  (lb) 

Defining, 

RN  =  £  Rnegative,  RT  -  £ Rpositive  (2) 


The  dual  statement  of  Eq  1  is, 

At  steady  state,  across  any  and  every  2  nodes  of  a 
hypothetically  noiseless  oscillator, 

Yt  =  ZY  =  0  (4) 

It  is  noteworthy  that  Eqs  1  and  4  are  completely 
analagous  to  Kirchoff's  first  and  second  network 
laws.  It  aay,  therefore,  be  in  order  to  name  Eqs  1 
and  4  as  the  oscillator  first  and  second  Iswb. 

It  is  interesting  to  speculate  that  similar  sets  of 
laws  aay  exist  in  other  fields  and  that  efforts 
should  be  aade  to  discover  and  apply  then. 

2.2  Non-linearity  considerations 

If  the  linear  and  non- linear  elements  are  grouped 
together,  then,  froa  Eqs  1 

£  Rlin  +  £  Rnlin  =0  (5) 
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from  which, 

T  Rnlin  -  -  Rlin 


(5a) 


Similarly,  _  , 

£.  Xnlin  =  '  *  Tlin 

where  the  non-linear  values  are  the 
values. 


Eqs  5  are  very  important  since  they  state  that  it 
is  only  necessary  to  study  the  linear  R  and  X 
elememts  to  compute  the  totals  of  the  non-linear  R 
and  X  elements.  This  fact  drastically  reduces  the 
labor  involved  in  the  analysis  and,  very  often,  it 
eliminates  the  need  for  considering  the  detailed 
behavior  of  non-linear  eleaents. 


2,3  Noiseless  oscillator  model 


Fig.  1  Noiseless  Oscillator  Model 

Fig  1  is  the  siaplefied  diagram  of  the  oscillator 
resonator  mesh.  (The  mesh  containing  the 
resonator  is  usually  chosen  for  analysis  as  it  has 
the  most  information. ) 

As  shown  in  Fig  1,  that  part  of  the  oscillator 
containing  the  resonator  circuitry  is  called  the 
osci,  symbol  os.  The  remainder  is  called  the 
llator,  symbol  LL. 

From  Eq  1,  (6) 


AF  =  -  AXu  /  (S  To*  / 6  f)  (?) 

Eq  7  enables  the  easy  determination  of  oscillator 
frequency  shifts  caused  by  llator  changes. 


3.  THE  REAL  OSCILLATOR 


3. 1  Introduction 


3.2  Frequency  relationships 

The  total  frequency,  F,  is  described  by 

F  -  fo  *  f  (8) 

where  fo  is  the  carrier  frequencuy 

f  is  the  offset  or  Fourier  frequency 

J  3  Contribution  of  the  resonator  frequency  noise 
to  the  oscillator  noise. 

Let  the  resonator  frequency  noise  be  described  as 

[Sr  (f)]os  (9) 

then  the  resonator  frequency  noise  contribution  to 
the  oscillator  frequency  noise  at  all  oscillator 
locations  is  identical  to  that  in  Eq  9. 

The  resonator  frequency  noise  contribution  to  the 
oscillator  phase  noise  at  all  oscillator  locations 

is 


[Sf  <f)]o.  /  fl 


(10) 


The  total  phase  noise  at  any  os. i llator  location  is 
given  by  the  sum  of  that  of  Eq  10  and  the  sum  of 
the  contributions  of  the  llator  noise  sources  to 
the  phase  noise  at  that  location. 

3.4  Contributions  of  the  llator  noise  sources  to 
the  oscillator  noise  at  location,  ». 

Let  the  noise  of  noise  source,  n,  be  given  by 
power  spectrum, 

PS„  ( f)  (11) 


then  the  contribution  of  this  soutce  to  the 
oscillator  noise  power  spectrum  at  location  m,  is 

PSmn  (f)  (12) 

and 

PSmn  (f)  =  PSn  (  f)  *  CFmn  (  f )  ( 12a ) 

where  CFmn  ( f)  is  defined  as  the  contribution 
function  of  noise  source,  n,  to  t*'e  oscillator 
noise  at  location  m.  Note  that  CFmn  may  have 
dimensions . 


The  total  oscillator  noise,  PSt,  at  location  a, 
obviously  is 

n 


PStm  (f)  = 


^  PSmn  (  f) 

1 


(13) 


The  real  oscillator  always  includes  one  or  more 
llator  noise  sources,  in  addition  to  the  resonator 
frequency  noise.  The  calculation  of  the 
contribution  of  the  resonator  noise  to  the 
oscillator  noise  is  very  simple  (See  Section  3.3) 
Howver,  the  calulation  of  the  contributions  of  the 
llator  noises  is  extremely  difficult  and 
constitutes  a  major  topic  of  this  paper. 


3. 5  Real  oscillator,  special  case, 

N  configuration 

Fig  2  is  the  complete  diagram  for  the  N 
configuration  (N  meaning  noise)  of  a  special  case 
real  oscillator.  The  fact  that  makes  this 
oscillator  a  special  case  is  that  the  noise 
source,  Fo,  represents  the  total  equivalent  noise 
contributions  of  all  the  noise  sources  in  the 
1 lator. 
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Fig  2.  Real  Oscillator,  Special  Case, 

N  configuration 

All  real  oscillators  always  contain  a  non-physical 
very  small  value  resistance,  dR.  The  value  of  dR 
is  determined  by  the  oscillator  limiting,  or  ALC, 
system  which  sets  the  level  of  the  oscillator 
output. 

Fig  2  includes  the  input,  output,  and  commaon 
networks  and  the  multiple  potential  output  points, 
available  im  every  real  oscillator.  The  noise  in 
the  output  depends  upon  the  output  point  location. 


3.6  Real  oscillator  operation 

a.  The  oscillator  is  constructed  and  power  is 

applied. 

b.  The  operator  sets  the  output  level  by 

adjusting  the  limiting  circuitry, 
and  thus  setting  dR. 

c.  The  oscillator  determines  fo,  Vn,  RT ,  and 

all  other  operating  conditions. 

d.  The  oscillator  determines  the  phase  noise  as 

a  function  of  f. 

3 ■ 7  The  real  oscillator,  special  case, 

Z  configuration 


Fig  2  also  shows  RV  and  XV  which  do  not  exist  in 
the  real  oscillator.  Their  function  is  described 
in  Sect  3.7. 


The  oscillator,  at  steady  state,  at  /=  0,  (the 
carrier  frequency)  satisfies  Eqs  14  to  16,  similar 
to  and  derived  from  Eqs  1  to  3, 

Zt  =  =  dR  (14) 

from  which, 

S  R  -  dR  S.X  =  0  (15) 


Fig.  3  Real  Oscilator,  Special  Case, 

Z  Configuration 

Fig  3  is  the  complete  diagram  for  the  Z 
configuration  (Z  meaning  impedance)  of  the  special 
case  real  oscillator. 

The  purpose  of  this  comf iguration  is  to  enable  the 
precise  setup  of  the  necessary  and  sufficient 
oscillatory  condition  of  Eq  14.  Once  this  is  done, 
we  are  certain  that  this  configuration  when 
converted  to  the  N  configuration  represents  a  true 
oscillator  at  the  desired  frequency. 


RT  =  -  RN  +  dR  (16) 

Also,  it  has  been  proven  that 


\RN\2  = 

Fs(0 )  2 

(17) 

I  dR\ 

Vn(  0) 

This  equation  is  used  in  calculating  the 
oscillator  operating  Q. 

Let  (RN  /  dR)2  =  ( Ar )2  (18) 


As  will  be  noted,  the  Z  configuration  differs  from 
the  N  configuration  in  the  following: 

a.  The  value,  Vn,  of  the  noise  is  0. 

b.  The  circuit  has  been  broken  and  a  1  A 
current  source  inserted.  The  value  of  the 
voltage,  Vz,  across  this  source  is  the  value  of 
the  impedance  Zt  of  Eq  14.  When  Zt  has  been 
precisely  adjusted  to  dR  at  the  desired  frequency, 
fo,  then  this  Z  configuration  is  ready  for 
conversion  to  a  N  configuration.  The  adjustment 
procedure  is  called  "  zeroing  ". 
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RV  and  XV  are  very  saall  value  trinaable  resistor 
and  reactor,  respectively,  provided  to  facilitate 
zeroing.  Their  values  are  identical  in  the  Z  and  N 
configurations. 

The  zeroing  procedure  has  been  autoaatized  in  the 
coaputer  siaulated  laboratory  and  thus  siaplefies 
the  coaputer  oscillator  siaulation. 


3.8  Coaputer  siaulated  oscillator  operation 

In  the  prograa  oscillator,  Z  config.  (See  Fig  3) 

a.  The  oscillator  is  constructed  by  entering  the 

circuit  into  the  coaputer. 

b.  The  operator  sets  to,  and  Vn  =  0. 

c.  The  prograa  sets  the  effective  gain  of  the 

active  circuitry,  so  that  eq  14  is 
alaost  satisfied. 

d.  The  prograa  adjusts  RV  and  XV  so  that 

the  oesh  iapedance,  Zt  =  Vz  in  Fig.  3, 
satisfies  Eq  14  to  a  very  high  degree 
of  precision.  The  Z  configuration  is 
then  converted  into  the  N  configuration. 

In  the  prograa  oscillator,  N  config.  (see  Fig  2) 

e.  The  operator  sets  Vn  to  Vn  real. 

f.  The  operator  sets  dR  to  the  value  where  the 

desired  oscillator  output  is  obtained 
as  aeasured  by  the  ac  current  in  any 
coaponent  or  ac  voltage  between  any  2 
points. 

g.  The  program  determines  the  voltages  and 

currents  at  all  other  points. 

h.  The  program  determines  the  phase  noise  at 

and  between  all  points. 

i.  The  program  determines  Zt(f),  (see  Fig  3) 

when  dR  is  at  the  value  of  Step  f, 
and  Vn  is  set  to  0. 

3.9  Computation  of  the  contribution  functions,  CFmn 
in  the  real  oscillator 

This  is  best  done  by  using  the  prograa.  The 
procedure  is  the  following 

a.  Start  with  the  oscillator  configured  as  in 

Sect  3.8,  Step  d.  Include  all  the  noise 
sources,  which  are  assumed  to  be 
uncorrelated. 

b.  Create  the  equivalent  N  configuration. 

c.  To  compute  CFmn,  set  the  magnitudes  of  all 

noise  sources  to  0,  excepting  the  source 
at  location  n. 

d.  Make  the  source,  n,  a  unit  white  noise 

source. 

e.  Determine  the  noise  response  at  location  a, 

PSmn  (  f) 

f.  Then  from  Eq  12a, 

CFmn  (  f )  =  PSmn  (  f)  (19) 


g.  Repeat  steps  c  to  f  for  all  noise  sources. 


3. 10  Oscillator  noise  in  all  real  oscillators,  due 
to  Va  (  See  Fig  2  ) 

3.10.1  The  resonator  current,  U,  phase  noise,  due 
to  Fo,  is  given  by 

JC  (f)  =  X  vn  {f)  *  I  RT  I*  (20) 

Ut(/jl 

Zt  (f)  is  obtained  with  the  l  configuration 

and 

L  v„  (f)  =  PSvn  ( f )  /  (  Vt  (0)  )2  (21) 


3.10.2  Noise  at  other  locations 

The  phase  noise  in  Vm  is  alaost  the  saae  as 
in  /*,  except  at  the  higher  values  of  f. 

Now  that  the  phase  noise  in  lx  is  known,  the 
determination  of  the  phase  noise,  at  all  other 
locations,  is  straightfoward  but,  depending  upon 
the  circuit  coaplexity,  can  be  very  difficult  and 
tedious,  and  is  best  done  with  the  prograa. 

However  those,  desiring  to  perform  the 

calculations,  should  keep  in  Bind  the  following 
rules  when  coabining  noises  at  any  location: 

a.  Noise  voltages  and  currents,  due  to  the  saae 

noise  source,  should  be  combined  as 
phasors. 

b.  Noise  powers,  due  to  different  uncorrelated 

noise  sources,  should  be  coabined  as 
scalars. 


3.11  The  general  relationship  between  PS  ({)  and 
the  phase  noise,  ,£  (  f)  at  the  saae 
location,  is 

oC  ( f )  =  PS  (f)  /  Carrier  Power  (22) 

=  PS  (f)  /  PS  (0)  for  all  values  of  f 

(23) 

when  PS  (0)  does  not  approach  infinity. 

Eq  22  is  also  useful  for  the  case  where  Vn(f)  has 
a  flicker  or  other  noise  component  which 
theoretically  approaches  infinity  as  f  approaches 
0  and  thus  theoretically  also  Bakes  PS  ( f )  approach 
infinity  as  f  approaches  0.  In  this  case,  the 
oscillator  noise  power  spectrua,  at  f  when  |Xt(f)| 
>>  dR,  is  independent  of  dR,  which  is  set  by  the 
oscillator  Uniting  system  at  the  desired  carrier. 
Therefore,  at  these  values  of  f, 

(f)  =  PS  (f)  /  PC  (24) 

where  PC  is  the  arbitrary  desired  carrier 

reference  power. 


3. 12  The  phase  noise  contribution  function 
PCFmn  ( /) 

PCFmn  (  f ) ,  the  phase  noise  contribution  function, 
is  defined  as 


CFmn  (/)  (25) 

CF.n  (0) 
and  is  disensionless. 


PCFmn  ( f)  is  usefully  interpreted  as  the  phase 
noise  contribution,  at  location  ■,  of  a  white 
noise  source,  n,  for  the  ease  circuit 
configuration.  It  say  be  considered  as  a  figure  of 
■erit  for  the  oscillator  phase  performance  of  the 
circuitry  for  equal  noise  sources. 


The  following  5  examples  illustrate  the  very 
useful  information  obtained  from  noiseless  llator 
studies. 

4.7.1  The  effect  of  component  changes  upon 
f  requency . 

4.7.2  Overtone  and  mode  selector  gain  margins  and 
the  effect  of  the  resonator  overtone  and  mode 
selector  curcuitry  upon  the  oscillator  stability.. 

4.7.3  Starting  gain  margin  (loop  gain,  ALo) 

4.7.4  Effect  of  power  dissipating  components  upon 
the  loop  gain  and  the  operating  Q. 

4.7.5  Effect  of  component  tolerance  and 
environment  upon  the  above  4  items 


For  example,  Eq  20  may  now  be  rewritten  as 

oCIX  (f)  =  <£vn  ( f )  *  (Ar)2  *  PCFlx  vn  (f) 

where  (26) 

PCFlx  vn  (  f )  =  |  dR  |2  (27) 

Ut(f)l 


4.  PROGRAM  APPLICATIONS  IN  OSCILLATORS 


4 ■ 8  Determination  of  bypass  and  coupling  capacitor 
adequacy. 

4 ■ 9  The  performance  of  subcircuits  such  as  tuning 
networks. 

4. 10  The  determination  of  circuit  isolation 
properties. 

4. 11  Calculation  of  operating  Q,  from  Eq  17. 


Some  applications  to  oscillators  are  cited  below  to 
demonstrate  the  utility  and  power  of  program  BPT 
when  used  in  conjunction  with  the  theory.  It 
shoukd  be  remembered  that  BPT’s  high  resolution  and 
accuracy  and  virtual  ground  node  facility  are  of 
prime  importance  as  they  enable  the  precise  zeroing 
of  the  Z  configuration  required  to  simulate  the 
oscillator. 


4. 12  Studies  of  impedance  properties  of  resonators 
and  other  devices  requiring  high  resolution. 

4. 13  Investigation  of  the  effect  of  component  and 
subcircuit  noise  upon  oscillator  noise. 

4. 14  Determination  of  the  cicrcuit  configuration 
for  optimum  noise  performance. 


4. 1  Automatic  zeroing  of  the  Z  oscillator 
configuration  (coarse,  active  device  gain  setting 
and  fine,  impedance  trimming)  for  the  derivation 
of  the  Zt(f)  relationship. 


4. 15  Calculating  and  plotting  oscillator  phase 
noise  for  white  noise  and  white  plus  flicker  noise 
sources.  It  is  not  necessary  to  assume  symmetrical 
noise  sidebands. 


4.2  Automatic  calculation  of  the  oscillator 
operating  frequency. 

Both  4.1  and  4.2  functions  are  high  speed  and  high 
resolution  executions  of  their  respective 
functions. 

4.3  Calculation  of  the  DC  operating  point  of 
oscillators. 


4.16  Calculating  and  plotting  the  resonator  phase 
noise  for  white  noise  sources  from  the  Zt{f) 
relationship. 

4. 17  In  setting  up  an  oscillator,  the  oscillator  Z 
configuration  is  first  created  and  then  zeroed.  ( 
See  Item  4.1  ).  A  facility  is  provided  to 
automatically  convert  the  zeroed  Z  configuration 
into  an  N  configuration  and  vice  versa. 


4.4  Includes  a  procedure  for  determining  the  AC  5 .  THE  PROGRAM  AS  A  RESEARCH  TOOL 

operating  point  of  a  self-limiting  oscillator. 


4.5  Includes  a  procedure  for  setting  the  AC  and  DC 
operating  points  in  ALC  type  oscillators. 

4 ■ 6  The  program  is  a  linear  one  but  is  designed  to 
be  capable  of  being  interfaced  with  non  linear 
operating  conditions.  Items  4.3  to  4.5  are 
examples. 

4 . 7  Investigation  of  the  Zt(  f )  or  Zt(  ?)  function 
of  an  oscillator  or  circuit  such  as  a  llator. 


The  following  suggested  applications  illustrate 
the  power  and  usefulness  of  the  program  in 
research  activities: 

5.1  The  formulation,  checking,  and  comfirmation  of 
new  theory,  and  new  oscillator  designs. 

5.2  Determination  of  component  aging  from 
experimentally  derived  llator  aging. 
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5 . 3  Determination  of  component  temperature 
characteristics  from  experimentally  derived  llator 
temperature  performance. 

5.4  Determination  of  llator  noise  by 
experimentally  deriving  the  oscillator  phase  noise 
and  then  program  calculating  the  Fn(f)  function 
required  to  produce  that  oscillator  noise. 

6.  CONCLUSIONS 


Extremely  simple  and  powerful  oscillator  theory 
has  been  presented.  This  theory  has  been  used  in 
the  creation  of  a  cumputer  program  for  the 
universal  analysis  of  oscillator  steady  state 
performance. 

The  importance  of  Zt(f),  RT,  and  dR  and  the 
tremendous  power  of  analysis  in  the  immittance 

domain  complemented  by  computer  aided  analysis 
have  been  demonstrated.  An  important  additional 
advantage  is  that  this  anlysis  method  provides 
considerably  greater  understanding  of  the 

operation  of  the  real  oscillator. 
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ABSTRACT 

We  have  developed  a  X-band  frequency  source  that  has 
very  high  spectral  purity  and  is  suitable  for  frequency 
synthesis  and  many  kinds  of  high-resolution  spectroscopy. 
A  commercial  dielectric  resonator  oscillator  (DRO)  is 
frequency  locked  to  a  high-Q  cavity  used  as  a  frequency 
discriminator.  Many  systems  have  been  developed  in  the 
past  for  locking  a  source  to  a  reference  cavity.  The 
distinguishing  features  of  our  approach  are  (1)  the  system 
is  relatively  simple  and  inexpensive,  (2)  our  approach  does 
not  use  any  modulation  techniques,  and  (3)  the  phase  noise 
in  the  1  to  100  kHz  region  is  comparable  to  the  best  that 
has  been  reported-S<j)(10  kHz)  approximately  -135  dBc-  for 
a  free-running,  room  temperature,  X-band  source.  The  lack 
of  modulation  on  the  source  means  that  it  can  be  used  for 
very  high  order  frequency  synthesis  (in  principle  up  to  250 
THz  without  loss  of  the  carrier).  Both  the  transmitted  and 
reflected  signal  from  the  cavity  are  used  to  obtain  a  very 
steep  discriminator  curve.  Phase  compensation  of  the 
amplified  discriminator  signal  is  used  to  extend  the  unity 
gain  point  well  beyond  the  half  bandwidth  of  the 
discriminator  cavity.  This  allows  the  servo  system  to  reduce 
the  phase  noise  of  1  kHz  from  the  carrier  by  about  60  dB 
relative  to  the  free-running  performance.  Phase  noise 
inside  of  1  kHz  can  be  controlled  '  y  a  signal  multiplied  up 
from  a  low  frequency  crystal  oscillator  for  even  lower  phase 
noise  near  the  carrier.  We  describe  the  design  of  the 
discriminator  cavity,  the  phase  compensated  frequency- 
locked  loop,  and  the  phase  and  amplitude  noise 
performance.  We  also  discuss  vibration  sensitivity, 
techniques  for  automatically  locking  to  the  low  frequency 
reference,  and  the  reduction  of  60  Hz  sidebands. 

Contribution  of  the  U.S.  Government,  not  subject  to 
copyright. 


INTRODUCTION 

A  perfect  frequency  multiplier  increases  the  phase 
noise  of  the  output  signal  by  a  factor  of  N^  over  the  phase 
noise  of  the  input  source.  As  the  phase  noise  increases,  the 
power  in  the  carrier  is  distributed  over  a  wider  and  wider 
frequency  interval  about  the  carrier.  At  high  enough 
multiplication  factor,  which  depends  on  the  phase  noise 
characteristics  of  the  source,  the  carrier  signal  can  no 
longer  be  separated  from  the  noise  [1,  2].  This  condition 
is  called  "carrier  collapse"  and  is  one  of  the  two  primary 
limitations  to  high  order  frequency  multiplication.  The 
other  limitation  is  the  degree  of  nonlinearity  in  the 
multiplier  [2,  3).  The  quadratic  growth  of  the  phase  noise 
and  eventual  carrier  collapse  impose  very  severe 
requirements  on  the  phase  noise  of  sources  that  are  used 
for  high  order  frequency  multiplication. 

We  have  kept  these  considerations  in  mind  in  the 
development  of  a  low  phase  noise  source  at  X-band. 
Traditional  methods  for  locking  a  noisy  oscillator  to  a 
stable  passive  reference  frequency  usually  impose  some 
form  of  modulation  on  the  source  signal  [4-7J.  The 
modulated  carrier  signal  then  interacts  with  the  frequency 
reference  to  yield  an  ac  error  signal  that  is  compared  with 
the  imposed  modulation  (usually  in  a  lock-in  detector)  to 
derive  a  dc  error  signal  to  correct  the  frequency  of  the 
noisy  oscillator.  In  such  an  approach  it  is  often  difficult  to 
remove  the  modulation  signals  from  the  carrier.  The 
presence  of  the  modulation  sidebands  on  the  carrier  could 
then  limit  the  range  of  multiplication  factors  that  can  be 
realized  before  carrier  collapse  occurs.  In  contrast  to  the 
traditional  approach,  our  source  uses  a  DRO  that  is 
frequency-locked  to  a  high-Q  cavity  without  the  use  of  any 
modulation  of  the  carrier  signal.  This  avoids  the  necessity 
of  removing  modulation  sidebands  from  the  carrier.  The 
long-term  frequency  stability  of  systems  using  a  dc 
frequency  lock  is  susceptible  to  a  number  of  systematic 
effects.  We  avoid  most  of  these  problems  by  locking  the 
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entire  system  to  a  signal  derived  from  a  low  frequency 
quartz  crystal  controlled  oscillator.  This  controls  the  phase 
noise  close  to  the  carrier  without  significantly  degrading  the 
wideband  phase  noise.  The  entire  assembly  is  enclosed  in 
a  magnetic  shield  to  reduce  power  line  generated 
modulation  sidebands.  The  combination  of  these 
techniques  leads  to  a  source  that  in  principle  can  be 
multiplied  to  approximately  250  THz  before  carrier  collapse 
occurs  11,  2]. 

Frequency  Discriminator 


to  adjust  the  coupling  coefficient.  To  obtain  an  unloaded 
Q-factor  above  50  000  we  found  it  necessary  to  use  mica 
windows  over  the  irises  to  suppress  some  of  the  spurious 
modes.  The  temperature  coefficient  of  the  discriminator 
system  is  approximately  20  kHz/K.  The  transmitted  signal 
through  the  resonator  is  phase  shifted  by  an  amount 

vn  -  V_ 

d<f>  -  2  Q  -2 - *  (1) 

v„ 


Figure  1  shows  a  block  diagram  of  the  signal  path 
around  the  frequency  discriminator.  The  X-band  cavity  has 
a  unloaded  Q-factor  of  approximately  55  000  and  operates 
on  the  TE  023  mode.  The  inside  dimensions  are 
approximately  7.48  cm  diameter  and  7.93  cm  long.  The 
cavity  is  made  from  Invar  plated  with  copper  and  then  gold. 
The  copper  is  polished  to  yield  a  near  optical  finish  before 
it  is  plated  with  gold.  The  purpose  of  the  gold  is  to  reduce 
changes  in  surface  properties  with  time.  Each  end  cap  has 
a  2/4  choke  section  and  is  threaded  with  2.36  threads 
/mm.  The  cavity  frequency  can  be  adjusted  about  20  MHz 
without  significant  change  in  Q-factor.  The  signal  is 
coupled  in  or  out  of  the  cavity  using  a  small  iris  and  a  stub 


which  depends  on  the  difference  between  the  frequency  of 
the  input  oscillator,  Vq,  and  the  resonance  frequency  of  the 
cavity,  v ^  For  small  frequencies  differences  the  reflected 
signal  is  phase  shifted  by  a  factor  of  2  more  than  the 
transmitted  signal.  The  two  phase  shifted  error  signals  are 
combined  in  the  double-balanced  mixer  used  as  a  phase 
detector.  The  phase  shifter  is  used  to  maximize  the  slope 
of  the  error  signal  versus  the  frequency  difference  and  to 
adjust  the  symmetry  of  the  error  curve. 

Figure  2  shows  a  typical  error  signal  versus  frequency 
difference  between  the  input  oscillator  and  the  resonance 
frequency  of  the  cavity.  The  width  of  the  linear  central 
portion  of  the  error  curve  is  limited  by  the  bandwidth  of 


Figure  1  Block  diagram  of  the  cavity  discriminator  and  the  key  elements  of  the  servo  system.  The  dotted  portion  contains 
the  fast  servo  electronics  to  lock  the  DRO  to  the  cavity  discriminator.  The  phase  noise  near  the  carrier  can  be  reduced 
by  phase  locking  the  10.6  GHz  source  to  a  harmonic  of  a  100  MHz  oscillator. 
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the  cavity  to  approximately  ±  40  kHz.  The  phase  delay  in 
the  error  signal  is  zero  at  line  center,  reaches  approximately 
90°  at  100  kHz  and  eventually  reaches  approximately  120° 
at  very  high  frequency  differences. 


The  slope  of  the  output  voltage  for  such  a  frequency 
discriminator  can  be  estimated  from 


SERVO  SYSTEM 


Vn  -  V. 

d*  -  6  Ql  -2 - 2  ,  (2) 

vo 
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where  the  extra  factor  of  3  in  equation  2  comes  from  using 
both  the  transmitted  and  reflected  signal  from  the  cavity, 
Ql  is  the  loaded  Q-factor,  and  is  the  phase  to  voltage 
conversion  factor  for  the  mixer  at  0  output  voltage.  For  a 
loaded  Q-factor  of  20  000,  and  a  mixer  sensitivity 
Kd  =  0.5  V/rad,  the  expected  mixer  output  is  6  x  10*^ 
V/Hz  frequency  difference.  The  measured  value  is  5  x  10* 
6  V/Hz. 

The  noise  floor  of  the  discriminator  (in  terms  of 
spectral  density  of  fractional  frequency  fluctuations,  Sy(f)) 
can  now  be  estimated  by  dividing  the  expected  noise  in  the 
double-balanced  mixer  by  Vq  and  the  square  of  the 
discriminator  slope  in  volts^/Hz^.  For  our  mixer 

Vn<f)  mixer  “  10'14/f  +  10'1?  IV2/HZ], 

which  yields 


V 

sjfl  -  - : - 2.8x10 -ulf  *  2.8X10*17. 

vj(3.6  x  10  ") 

(4) 

The  equivalent  phase  noise  is  then  given  by 


The  dotted  box  in  Fig.  1  shows  the  functional  block 
diagram  of  the  servo  system  that  is  used  to  provide  very 
fast  control  of  the  frequency  of  the  10.6  GHz  oscillator.  If 
a  simple  proportional  control  loop  is  used,  the  bandwidth 
is  limited  to  approximately  100  kHz  by  the  phase  shift  of 
the  etTor  signal.  This  phase  shift  reaches  more  than  90° 
for  error  signals  occurring  at  rates  beyond  approximately 
100  kHz.  The  upper  servo  path  labeled  "fast"  drives 
resistor  Rs  through  capacitor  Cp  This  provides  a  phase 
advance  of  about  90°  for  correction  rates  slower  than  about 
7  MHz  which  is  used  compensate  for  the  phase  retardation 
by  the  frequency  discriminator  circuit.  At  correction  rates 
of  approximately  1  MHz  the  proportional  part  of  the  gain 
(lower  amplifiers)  dominate  the  loop  gain.  At  correction 
rates  of  approximately  160  kHz,  the  first  integrator  begins 
to  increase  the  loop  gain  by  6  dB/octave,  and  at  frequency 
below  approximately  40  kHz  the  gain  is  increased  by 
another  6  dB/octave  by  the  second  integrator.  The  relative 
gains  of  the  stages  are  adjusted  to  minimize  the  noise 
detected  at  the  noise  monitor  port  in  the  upper  servo  path. 
If  the  gain  is  set  too  high,  there  are  regions  in  the  closed 
loop  noise  spectrum  that  are  significantly  increased  over  the 
open-loop  noise. 

The  phase  noise  of  the  X-band  source  in  the  region 
below  about  1  kHz  can  be  controlled  by  a  quartz  crystal 
controlled  oscillator.  A  small  portion  of  the  10.6  GHz 
signal  from  the  output  amplifier  is  beat  against  the  21st 
harmonic  of  500  MHz  derived  from  a  low  noise  100  MHz 
crystal  controlled  oscillator.  The  beat  frequency  at  100 
MHz  is  amplified  and  phase  compared  in  another  double 
balanced  mixer.  The  dc  error  signal  is  then  injected  into 
the  first  integrator  of  the  fast  servo  amplifier  controlling 
the  frequency  of  the  10.6  GHz  oscillator.  This  is  equivalent 
to  moving  up  and  down  on  the  frequency  discriminator 
curve  shown  in  Fig.  2.  The  dc  error  signal  is  limited  to 
approximately  t0.1  V  or  ±20  kHz  so  that  it  does  not 
greatly  perturb  the  response  of  the  fast  loop.  The  long 
term  frequency  of  the  discriminator  is  controlled  by 
controlling  the  temperature  of  the  cavity.  Even  lower 
phase  noise  at  Fourier  frequencies  below  about  300  Hz  can 
be  obtained  by  locking  the  100  MHz  oscillator  to  the 
multiplied  signal  derived  from  a  low  noise  5  MHz  oscillator. 
Improvements  of  30  dB  in  phase  noise  for  Fourier 
frequencies  below  about  30  Hz  appear  possible  [8J. 
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CAVITY  DISCRIMINATOR  OUTPUT 


-  500  kHz  10.6  GHz  +  500  kHz 

FREQUENCY  (Hz) 

Figure  2  Typical  error  signal  from  the  double-balanced 
mixer  in  the  cavity  discriminator  of  Fig.  1. 

RESULTS 

Figure  3  shows  the  comparison  between  the  open  and 
closed  loop  phase  noise  of  the  signal  transmitted  through 
the  cavity.  A  post-amplifier  with  a  gain  of  about  14  dB  has 
been  used  to  boost  the  output  power  to  +18  dBm.  We 
have  measured  the  noise  on  4  different  systems  which  use 
this  approach.  The  improvements  in  phase  noise  are 
generally  from  50  to  70  dB  for  Fourier  frequencies  of  1 
kHz  and  depend  on  the  open-loop  noise  in  the  source. 
The  noise  floor  in  the  region  from  1  Hz  to  1  kHz  is 
generally  about  6  to  10  dB  above  that  calculated  in 
equation  5  above.  We  have,  however,  measured  one  system 
that  is  within  about  2  dB  of  the  calculated  noise  floor  in 
this  region.  We  suspect  that  the  mixer  performance  and 
possibly  amplitude  noise  in  the  oscillator  play  a  role  in 
determining  the  noise  floor.  In  the  region  from  about  10 
kHz  to  100  kHz,  the  noise  floor  is  determined  by  the  loop 
gain  and  the  open-loop  phase  noise  of  the  oscillator.  With 
enough  loop  gain  the  noise  floor  should  be  approximately  - 
165  dBfrad  /Hz)  at  a  Fourier  frequency  offset  of  100  kHz. 
Loop  gain  in  this  region  can  be  increased  only  by 
improving  the  match  between  the  phase  shifted  signal  and 
the  phase  compensation  provided  by  the  differentiation 
stage. 

Table  1  gives  the  phase  noise  of  one  source  determined 
using  a  frequency  discriminator  system  similar  to  that 
shown  in  Fig.  1.  The  raw  data  from  this  measurement  is 
shown  in  Figs.  4-6.  Several  low-frequency  spurs,  not 
harmonically  related  to  the  power  lines,  are  noticeable  in 
Fig.  6.  These  were  determined  to  be  due  to  mechanical 
resonances  in  the  cable  connecting  the  source  to  the  cavity 
discriminator  used  to  measure  the  phase  noise.  All  the 
lines  in  the  source  are  glued  to  the  support  structure  to 


Figure  3  Comparison  between  the  open  and  closed  loop 
phase  noise  performance  of  a  10.6  GHz  DRO  locked  to  a 
cavity  discriminator.  The  system  is  not  locked  to  a  crystal 
oscillator.  Also  indicated  is  the  best  performance  that  has 
been  measured  and  the  performance  expected  from 
equation  5. 

minimize  these  effects.  Also  given  is  the  phase  noise  at 
high  Fourier  frequencies  determined  by  using  the  two- 
oscillator  method  [9,10).  The  amplitude  noise  of  the  output 
signal  is  also  indicated.  For  Fourier  frequencies  above 
approximately  10  kHz,  the  amplitude  noise  is  similar  to  the 
phase  noise.  For  lower  Fourier  frequencies  the  amplitude 
noise  is  much  less  than  the  phase  noise.  The  lowest  three 
lines  in  the  amplitude  noise  column  give  the  amplitude  of 
the  first  three  power  line  modulation  sidebands.  The 
amplitude  noise  measurement  system  consisted  of  a  diode 
detector,  battery  powered  low-noise  amplifier  and  spectrum 
analyzer.  The  amplitude  measurement  system  can  be 
calibrated  using  the  scheme  described  in  [10].  (The 
recommended  notation  for  specifying  amplitude  noise  has 
recently  been  changed  and  is  described  in  NIST  Technical 
Note  1337  [11J.)  The  simplicity  of  the  setup  made  it 
possible  to  reduce  the  spurs  associated  with  the  power  line 
below  that  possible  in  the  phase  noise  measurement  system. 
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NOISE  VCLT/VIE  VERSUS  FOURIER  FREQUENCY  f 


Because  of  the  difficulty  in  eliminating  60  Hz  pickup,  we 
believe  that  the  actual  phase  noise  at  60  Hz  and  harmonics 
is  much  closer  to  the  AM  values  than  that  measured  by  the 
cavity  discriminator  method.  The  sidebands  associated  with 
the  power  line  are  extremely  low  because  the  entire  system 
is  enclosed  in  a  magnetically  shielded  box  of  thickness  0.32 
cm. 


CALCULATION  OF  THE  COLLAPSE  FREQUENCY 


The  limit  to  which  a  source  can  be  multiplied  before 
the  power  density  in  the  carrier  drops  below  that  in  the 
noise  pedestal  (carrier  collapse)  can  be  determined  from 
Eqs.  9-22  of  [1],  The  collapse  frequency  is  roughly  given  by 
N  x  10.6  GHz  where 
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Figure  4  Raw  data  from  the  output  of  the  cavity 
discriminator  used  to  measure  the  phase  noise  of  a  10.6 


GHz  source  for  Fourier  frequencies  from  6  to  100  Hz.  The 
calibration  is  Sx(f)  =  10  log  (Vn^/Hz)  -  20  log  f  -  86  dB 
in  dB(rad2/Hz). 


is  the  mean  squared  phase  modulation  due  to  the  wide¬ 
band  noise  pedestal.  This  is  calculated  from  the  closed 
loop  phase  noise  of  10.6  GHz  source  given  in  Fig.  3  and 
Table  1  assuming  a  bandpass  filter  with  a  width  of  ±  300 
MHz.  This  is  easily  achieved  using  passive  passband  filters. 
The  collapse  frequency  is  calculated  to  be  approximately 
250  THz  At  250  Thz  the  carrier  signal  would  be  about  2.8 
kHz  wide.  At  lower  frequencies,  for  example,  30  THz,  the 
linewidth  could  be  reduced  to  approximately  10  Hz  if  the 
phase  noise  inside  of  300  Hz  was  controlled  by  a  low  noise 
5  MHz  quartz  controlled  oscillator.  To  reach  a  collapse 
frequency  of  250  THz  all  the  discrete  modulation  sidebands 
outside  the  carrier  linewidth  of  ±  1400  Hz  must  be  more 
than  90  dB  below  the  carrier.  The  data  of  Figs.  2-6  and 
Table  1  show  that  we  have  accomplished  this.  At  lower 
carrier  frequencies  the  primary  question  is  to  what  extent 
the  vibrational  sidebands  observed  in  the  few  Hz  range  are 
due  to  the  measurement  system  and  not  the  X-band  source 
since  they  might  preclude  achieving  a  linewidth  of  a  few 
hertz. 


CONCLUSION 

We  have  described  an  X-band  source  that  is  specifically 
designed  for  high  order  frequency  multiplication  and 
precision  spectroscopy.  The  wideband  phase  noise  is 
controlled  by  frequency-  locking  a  DRO  source  to  a  high-Q 
cavity  with  a  dc  loop.  This  avoids  the  need  for  modulation 
on  the  source  signal  that  might  interfere  with  high  order 
multiplication.  The  phase  noise  close  to  the  carrier  can  be 
controlled  by  phase-locking  the  10.6  GHz  signal  to  a 


NOISE  VOLTAGE  VERSUS  FOURIER  FREQUENCY  f 


Figure  5  Raw  data  for  the  output  of  cavity  discriminator 
used  to  measure  the  phase  noise  of  a  10.6  GHz  source  for 
Fourier  frequencies  from  100  Hz  to  1  kHz.  The  calibration 
is  Sx(0  =  10  log  (Vn2/Hz)  -  20  log  f  -  86  dB  in 
dB(rad2/Hz). 

harmonic  of  a  low-noise  quartz  crystal  controlled  oscillator. 
Modulation  sideband  due  to  the  powir  line  and  harmonics 
are  suppressed  far  below  the  random  noise  by  enclosing  the 
entire  source  in  a  magnetic  shield.  The  phase  noise  of  the 
completed  source  is  the  lowest  that  has  been  reported  for 
a  free-running,  room  temperature,  X-band  source.  In 
principle  the  10.6  GHz  signal  could  be  multiplied  to 
approximately  250  THz  before  carrier  collapse  would  occur. 
At  250  THz  the  free-running  linewidth  would  be 
approximately  2.8  kHz.  At  a  frequency  of  30  THz  we 
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would  expect  a  linewidth  of  order  10  Hz  if  the  phase  noise 
near  the  carrier  was  controlled  by  a  harmonic  of  a  low- 
noise  $  MHz  oscillator. 

NOISE  VOLT/CE  VERSUS  FOURIER  FREtJBCY  f 


f(Hz) 

Figure  6  Raw  data  for  the  output  of  cavity  discriminator 
used  to  measure  the  phase  noise  of  a  10.6  GHz  source  for 
Fourier  frequencies  from  2  to  50  kHz.  The  calibration  is 
Sx(0  *  10  log  (Vn2/Hz)  -  20  log  f  -  86  dB  in 
dB(rad2/Hz). 
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The  accuracy  of  column  2  is  t  3  dB  from  20  Hz  to  20  kHz  and 
the  two  oscillator  method  The  accuracy  of  the  measurements  is  ±  3  dB 


ere.  Column  3  was  measured  by 
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Abstract 

An  extremely  low  phase  noise  9.0  GHz  Dielectric 
Resonator  Oscillator  (DRO)  has  been  developed  for  use 
as  a  clean  fundamental  microwave  source.  In  order  to 
achieve  minimum  phase  noise,  a  bipolar  junction 
transistor  (BJT)  was  selected  as  the  active  device  for  the 
oscillator.  Given  the  limited  number  of  unconditionally 
stable,  high  frequency  BJTs,  the  conventional  feedback 
oscillator  was  undesirable.  Instead,  a  negative  resistance 
topology  was  selected.  The  dielectric  resonator  material 
was  (ZrSn)Ti04  which  has  a  dielectric  constant  of  38 
and  an  unloaded  Q  of  7000  at  7  GHz.  A  unique  bipolar 
voltage  tuning  design  provided  +/-500  kHz  of  linear 
voltage  tuning.  The  phase  noise  of  this  circuit  measured 
-114  dBc/Hz  at  10  kHz  from  the  carrier  with  a  wideband 
floor  for  offsets  greater  than  1  MHz  of  -150  dBc/Hz  (1  ]. 


Dielectric  Resonator  Background 

The  dielectric  puck  acts  as  a  microwave  resonator  due  to 
the  boundary  established  at  the  interface  between  the  air 
and  the  high  dielectric  device.  This  boundary  confines 
approximately  80-90%  of  the  energy  within  the  device. 
The  fact  that  as  much  as  20%  of  the  energy  radiates  from 
the  dielectric  puck  makes  it  very  easy  to  couple  RF 
power  to  this  device  providing  the  resonance  of  the 
oscillator  circuit.  The  resonant  frequency  of  the  puck  is 
primarily  determined  by  its  dimensions.  Therefore,  the 
frequency  fluctuates  very  little  producing  a  more  stable 
frequency  source  with  a  corresponding  improvement  in 
phase  noise.  As  with  any  resonant  cavity,  an  infinite 
number  of  modes  can  exist  within  the  puck  and  care 
must  be  taken  that  the  appropriate  one  is  selected 
without  exciting  other  modes.  The  most  commonly 
used  mode  for  the  dielectric  resonator  is  the  TEQjg  This 
is  considered  the  fundamental  mode  for  these  devices 
since  it  exhibits  the  lowest  resonant  frequency.  The 
primary  method  of  establishing  the  mode  of  operation  is 
by  proper  setting  of  the  diameter  (D)  to  thickness  (t) 
rafio  of  the  resonator.  A  computer  aided  design  (CAD) 
program,  Resomics,  produced  by  Murata  Erie,  was  used 
to  a»o  in  the  design.  This  particular  CAD  program  varies 


such  parameters  as,  the  desired  frequency  of  operation, 
the  quality  factor,  and  the  thermal  coefficient  of 
expansion.  The  resulting  puck  dimensions  are  a  function 
of  the  cavity  in  which  it  will  be  placed  and  materials 
such  as  the  substrate,  epoxy,  and  spacer  with  which  it 
must  interface.  Through  this  design  process,  the 
excitation  of  spurious  modes  were  minimized  and  the  Q 
of  the  device  was  maximized.  Pucks  are  presently 
available  which  operate  from  900  MHz  to  30  GHz.  The 
first  is  about  the  size  of  a  half  dollar  while  the  latter  is 
approximately  85  mils  in  diameter. 

Quality  Factor 

An  important  parameter  of  the  dielectric  resonator  which 
influences  the  oscillator's  phase  noise  is  the  unloaded 
quality  factor  (Q0).  This  parameter  is  a  ratio  of  the 
stored  energy  within  the  puck  to  the  amount  of  energy 
which  is  dissipated  by  the  resonator  and  serves  as  a 
figure  of  merit  for  the  device.  Unloaded  Q's  of  20,000 
are  now  possible  to  10  GHz.  The  quantity  which  is  of 
ultimate  importance  for  an  oscillator  is,  however;  the 
loaded  quality  factor  (Ql)  since  it  will  determine  the 
oscillator's  phase  noise  response.  As  shown  by  Leeson’s 
equation  [2],  a  higher  Ql  implies  a  lower  value  for  the 
FM  noise  component.  This  parameter  is  a  ratio  of  the 
energy  stored  within  the  puck  per  cycle  to  that  delivered 
to  the  load  per  cycle. 

The  Ql  of  the  circuit  can  be  degraded  by  the  materials 
used  to  fabricate  the  oscillator.  Depending  upon  the 
mechanical  design  of  the  enclosing  cavity  or  on  the 
selection  of  substrate  material,  the  resultant  value  of  the 
loaded  Q  can  be  reduced  regardless  of  the  resonator's 
unloaded  Q.  It  is  thus  very  important  for  the  designer  to 
appreciate  the  impact  each  circuit  component  has  on  the 
phase  noise  of  the  circuit.  The  effect  of  the  ceramic 
substrate  on  Ql  can  be  minimized  by  assuring  that  the 
thickness  of  the  substrate  is  less  than  one-quarter  of  the 
puck  height  and  that  the  dielectric  constant  of  the  low 
loss  substrate  is  less  than  half  that  of  the  resonator. 
Possible  materials  include  alumina,  beryllia,  quartz,  or 
fosterite  with  the  first  being  the  most  commonly 
utilized. 
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The  degradation  which  the  enclosing  cavity  has  upon  the 
loaded  quality  factor  can  be  reduced  by  providing 
sufficient  distance  between  the  puck  and  the  enclosure 
walls.  Typically,  all  walls  should  be  at  least  one 
resonator  diameter  away  from  the  puck  and  the  lid  should 
be  at  least  twice  the  puck  thickness  above  it.  There  have 
been  however,  compromises  to  these  cavity  "rules"  to 
minimize  the  circuit  size  while  still  providing  good 
performance  [3],  The  more  conservative  approach  is 
recommended  so  that  the  cavity  does  not  control  the 
DRO  performance.  An  additional  consideration  on  the 
cavity  design  is  to  use  a  good  RF  seal  so  that  the  loaded 
Q  is  not  degraded  by  leakage. 

Another  factor  which  can  significantly  affect  the  loaded 
Q  of  the  final  circuit  is  the  amount  of  coupling  of  the 
dielectric  resonator  to  the  active  circuit.  A  detailed 
procedure  to  measure  the  loaded  and  unloaded  quality 
factors  of  the  resonator  as  a  function  of  coupling  to  a 
microstrip  transmission  line  has  been  presented  by 
Khanna  [4],  "  his  test  procedure  allows  the  designer  to 
select  the  optimum  height  of  low  dielectric  constant 
material  used  as  the  spacer  between  the  resonator  and  the 
substrate  surface.  This  value  is  critical  in  maximizing 
the  Ql  of  the  overall  circuit  since  it  extends  the  height 
of  the  puck  above  the  ground  layer  to  a  value  greater 
than  that  of  the  substrate  thickness.  If  the  distance  fror.i 
the  ground  plane  is  not  sufficient,  the  field  lines  are 
constrained  by  electromagnetic  boundary  conditions  to 
terminate  in  a  manner  which  provides  less  than  optimum 
performance.  Insufficient  distance  from  the  ground  plane 
can  also  cause  moding  (generation  of  spurious  signals). 
A  low  dielectric  constant  material  such  as  glass,  fused 
quartz,  or  fosterite  can  be  used  for  the  spacer  so  that  it 
does  not  become  an  electrical  extension  of  the  dielectric 
resonator. 

The  dielectric  resonator  material  that  was  selected  for  our 
design  was  (ZrSn)Ti04  which  has  a  dielectric  constant  of 
38  and  an  unloaded  Q  of  7000  at  7  GHz.  From  Khanna's 
test  procedure,  it  was  determined  that  a  30  mil  fosterite 
spacer  resulted  in  a  coupling  coefficient  to  a  microstrip 
test  line  of  44  which  provided  a  loaded  Q  of  70.  In 
contrast,  a  60  mil  spacer  gives  a  loaded  Q  of  nearly  1500 
with  a  coupling  factor  of  1 .5.  The  optimum  position  of 
the  resonator  to  the  microstrip  line  to  which  it  couples 
was  located  at  about  1/4  of  an  electrical  wavelength  away 
and  at  a  height  of  60  mils  above.  The  calculation  of  the 
parallel  equivalent  or  tank  circuit  of  the  DR  is  then 
determined  from  the  relationship  between  the  coupling 
and  of  the  device. 

Temperature  Stability 

The  resonator  puck  is  typically  selected  with  an  initial 
thermal  coefficient  (TC)  of  approximately  0  ppm/°C. 


This  TC  is  obtained  by  varying  the  chemical 
composition  of  the  resonator  material  with  a  resultant 
increase  in  dielectric  constant  for  positive  values  and  a 
decrease  for  negative  TC's.  The  composite  oscillator  TC 
is  also  effected  by  the  substrate,  enclosure,  and  spacer 
materials.  Ideally,  all  of  these  other  effects  would 
produce  a  frequency  variation  which  is  as  close  to  zero  as 
practicable.  Since  it  is  usually  not  possible  to  achieve 
this,  the  next  alternative  is  to  select  materials  with  either 
complementary  characteristics  or  ones  that  have  minimal 
effects.  For  example,  the  spacer  beneath  the  resonator 
must  be  selected  so  that  it  does  not  become  a  significant 
contributor  to  the  overall  TC.  Both  fosterite  and  quartz 
materials  have  been  used  in  our  circuit  with  good  results. 

The  temperature  characteristics  of  the  adhesive  material 
that  bonds  the  puck  to  the  spacer  and  the  spacer  to  the 
substrate  must  also  be  evaluated  to  assure  that  it  will  not 
compromise  circuit  performance.  It  should  also  have  a 
low  dielectric  constant  so  that  it  does  not  become  an 
electrical  extension  of  the  dielectric  resonator.  Acrylics 
have  a  low  dielectric  but  are  brittle  and  do  not  perform 
well  over  temperature.  Low  dielectric  epoxies  function 
quite  well  as  bonding  materials  and  were  successfully 
used  in  this  design.  Care  must  be  taken,  however;  in 
using  a  minimal  amount  of  epoxy  since  the  material 
does  interact  and  affect  the  electromagnetic  boundary 
conditions. 

A  secondary  and  equally  important  contributor  to  the 
oscillator  TC  is  variations  of  transistor  parameters  as  a 
function  of  temperature.  Virtually  all  parameters  of  the 
active  device  vary  as  a  function  of  temperature.  Since 
many  of  the  variations  are  unpredictable,  the  designer’s 
only  recourse  is  to  bui'd  the  complete  unit  with  the 
dielectric  resonator  and  measure  overall  circuit  TC.  A 
second  dielectric  resonator  can  then  be  selected  having  a 
temperature  coefficient  which  is  the  negative  of  that  of 
the  combined  circuit.  When  used  to  replace  the  initial 
puck,  a  composite  TC  as  near  to  zero  as  practicable  will 
be  measured.  Care  must  be  taken  with  this  substitution 
since  the  dielectric  constant  of  the  puck  will  change  and 
alter  the  resonant  frequency  of  the  circuit  slightly. 

Oscillator  Design 

The  next  critical  facet  in  the  development  is  the  active 
device  and  the  topology  used  to  establish  oscillations. 
Gallium  arsenide  field  effect  transistors  (GaAs  FETs)  are 
often  used  for  an  efficient  oscillator  at  higher  microwave 
frequencies  (above  4  GHz).  These  devices  are  capable  of 
operation  at  10  GHz  and  beyond  producing  an  output 
power  in  excess  of  +10  dBm.  In  the  past,  the  silicon 
bipolar  junction  transistor  (BJT)  was  only  capable  of 
providing  sufficient  flower  at  frequencies  below  about  4 
GHz  but  recent  developments  in  processing  methods 
have  allowed  device  capability  into  X-band.  BJT's  have 


550 


Table  1 

Summary  of  DRO  Performance  Characteristics 
(Reference  5) 


Device 


Oscillation  frequency  (MHz) 

Output  power  (dBm) 

Power  of  second  harmonic  frequency  (dBm) 
Efficiency  (%) 

Frequency  stability  (ppm/°C)  -30  to  +70°C 
Tuning  range  of  1  dBm  power  var  (mech)  (%) 

FM  noise  (dBc/Hz)  at  1  kHz  off -carrier  frequency 
at  10  kHz  off-carrier  frequency 


significant  advantages  over  their  GaAs  FET  counterparts 
since  they  have  approximately  10  dB  better  flicker  and 
shot  noise  characteristics.  The  disadvantage  of  BJTs  at 
X-band  is  their  lower  output  power.  Another  possible 
active  device  useful  for  DRO  applications  is  the 
heterojunction  bipolar  transistor  (HBT).  The  HBT 
appears  to  have  the  high  frequency  gain  of  FETs  with 
the  low  noise  characteristics  of  BJTs. 

Capabilities  of  an  oscillator  developed  from  an  NPN 
grounded  emitter  HBT  with  1.2  to  1.5  micron  emitter 
width  were  demonstrated  in  1986  and  are  shown  in  Table 
1  [5).  The  performance  of  a  GaAs  FET  and  BJT 
oscillator  are  also  compared  in  the  table.  It  is  apparent 
from  this  data  that  the  lowest  source  of  flicker  noise  is 
still  the  BJT  and  should  be  selected  in  designs  seeking 
minimum  noise  levels  until  lower  noise  HBT's  become 
available. 


OUTPUT 

MATCH 


Figure  1.  A  series  feedback  approach  to  the  negative 
resistance  oscillator  topology  in  which  matching  at  the 
source  is  used  to  create  the  desired  instability[8]. 

The  available  low  phase  noise  oscillator  topologies 
using  microwave  active  devices  are  either  a  feedback  or 
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negative  resistance  configuration.  The  first  uses  an 
active  device  which  is  unconditionally  stable,  or  will  not 
oscillate  when  either  the  input  or  output  is  presented 
with  any  value  of  passive  load.  The  GaAs  FET 
normally  meets  this  criterion  for  X-band  applications. 
This  oscillator  circuit  can  be  implemented  easily  with  a 
dielectric  resonator  completing  the  feedback  path.  The 
puck  can  be  coupled  to  the  microstrip  lines  of  both  the 
gate  and  drain  of  a  FET  thus  allowing  the  output  power 
of  the  device  to  be  coupled  into  its  input  where  it  is 
amplified  to  generate  or  sustain  oscillations. 

The  selected  transistor  can  not  always  be  guaranteed  of 
unconditional  stability  as  is  frequently  the  case  with 
BJT’s  operating  at  X-band.  Therefore,  the  alternative 
architecture  of  a  negative  resistance  oscillator  can  be 
utilized.  This  form  of  oscillator  was  demonstrated  by 
Lakshminarayana  [6]  to  be  a  very  effective  means  of 
realizing  a  low  phase  noise  oscillator  with  a  BJT.  The 
design  work  of  this  author  was  extended  to  determine 
further  areas  of  phase  noise  improvement  The  potential 
instability  of  an  active  device  provides  a  convenient 
method  of  establishing  and  sustaining  oscillations.  For 
this  configuration,  the  region  of  instability  is  first 
carefully  characterized  and  defined  on  the  Smith  Chart. 
A  load  value  from  within  this  region  is  then  extracted 
from  the  Smith  Chart  and  used  to  yield  an  input 
reflection  coefficient  (S‘ j  j)  which  is  greater  than  one.  A 

value  of  S']  ]  greater  than  one  implies  that  oscillations 
will  be  initiated.  Several  methods  that  can  be  used  to 
make  the  device  unstable  are  series  and  shunt  feedback  of 
lumped  elements  or  microstrip  open  and  short  circuit 
stubs  at  the  device  ports.  With  the  attainment  of 
transistor  reflection  gain,  the  puck  can  then  be 
positioned  to  resonate  the  input  port.  This  second 
condition  is  satisfied  by  the  equation[7]: 

(S'uxrr)=i.o 
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where  Tr  is  the  refection  coefficient,  seen  by  the  input 

port,  caused  by  the  dielectric  resonator.  The  important 
relationship  here  is  that  Tr  is  the  inverse  of  S'ij.  The 
most  critical  aspect  of  this  relationship  is  that  the  phase 
quantities  of  the  two  parameters  cancel.  This  phase 
relationship  is  controlled  by  the  position  of  the  puck 
relative  to  the  microstrip  transistor,  typically  1/2  the 
wavelength  of  the  operating  frequency.  At  resonance, 
the  puck  will  appear  as  a  resistive  load,  determined  by 
the  amount  of  coupling,  which  creates  the  reflection 
coefficient.  Figure  1  illustrates  an  approach  to  the 
negative  resistance  oscillator  configuration  (8). 

Several  BJT's  offered  by  California  Eastern  Labs  were 
reviewed  for  this  application  including  the  NE64587  and 
the  NE243287.  Both  devices  were  found  to  be 
potentially  unstable  and  therefore  candidates  for  the 
negative  resistance  approach.  Microstrip  matching 
networks  which  would  induce  oscillations  were 
calculated  for  both  ports  and  then  optimized  using 
Touchstone,  a  trademark  of  EEsof  Inc.  The  ope^  stub 
matching  required  to  attain  a  maximum  value  fot  the 
input  reflection  coefficient  (S  j  j1)  was  calculated.  Based 
on  an  optimization  of  this  matching  scheme,  the 
NE64587  was  found  to  be  capable  of  achieving  more 
gain  and  power  than  the  other  device  and  was  selected  for 
this  application.  It  was  found  that  an  open  stub  match 
at  the  emitter  with  the  tank  circuit  of  the  dielectric 
resonator  coupled  to  the  base  as  illustrated  in  Figure  2 
would  sustain  oscillations.  A  picture  of  the  completed 
unit  is  shown  in  Figure  3. 


EMITTER 
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Figure  2.  This  negative  resistance  circuit  topology  was 
used  with  the  NE64587  to  yield  an  extremely  low  phase 
noise  oscillator.  The  matching  at  the  emitter  created  the 
instability  while  the  resonator  at  the  base  stabilized  the 
design. 

Tuning 

One  method  of  achieving  the  desired  frequency  of  the 
DRO  is  through  lapping  of  the  puck.  Very  fine,  wet 
sandpaper  was  used  to  polish  the  resonator  and  reduce  its 
thickness.  This  increases  the  frequency  of  the  circuit  but 
care  must  be  taken  that  the  puck's  dimensions  are  not 


changed  by  more  than  about  8%  or  mode  problems  will 
result.  Once  the  puck  is  polished,  the  DRO  can  be 
mechanically  tuned  to  provide  coarse  adjustment  of  its 
fundamental  by  1-5%.  This  amount  will  depend  upon 
the  frequency  of  operation  and  the  amount  of  stability 
that  can  be  sacrificed.  A  reduction  of  both  the  unloaded 
Q  and  the  temperature  stability  of  the  resonator  can 
result  from  this  tuning  circuit.  For  this  design,  tuning 
was  achieved  by  varying  the  distance  of  the  ground  plane 
directly  above  the  resonator  with  a  tuning  screw. 
Moving  the  plane  toward  the  resonator  will  vary  the 
boundary  conditions  resulting  in  an  increase  of  the 
fundamental.  The  tuning  screw  was  used  as  the  variable 
ground  plane  and  contained  a  metal  shaft  set  upon 
extremely  fine  threads. 

Voltage  tuning  is  normally  achieved  through  the  use  of 
varactor  diodes  which  are  coupled  to  the  dielectric 
resonator  via  a  microstrip  line.  The  capacitance  of  the 
varactor  then  becomes  a  parallel  extension  of  the  DR 
equivalent  circuit.  The  capacitance  of  the  diode  varies  as 
a  function  of  bias  voltage  and  is  used  to  vary  the 
fundamental  of  the  resonator  by  a  very  small  percentage, 
typically  0.1%.  A  change  in  the  diode  capacitance  thus 
induces  a  change  in  the  resonator  capacitance  and  its 
effect  is  a  function  of  the  coupling  coefficient 
established.  Increased  tuning  can  be  achieved  by  light 
coupling  at  the  expense  of  the  loaded  Q  and  stability  of 
the  circuit. 

An  alternate  voltage  tuning  topology  is  outlined  in  a 
paper  by  Znojkicwicz  [9]  for  use  with  bipolar  devices. 
Linear  tuning  is  achieved  by  varying  the  equivalent 
parameters  of  the  transistor  as  shown  in  Figure  4.  The 
emitter  current  is  used  to  control  the  emitter  junction 
resistance  while  the  collector-base  voltage  is  used  to 
control  the  collector  junction  capacitance.  The 
fundamental  can  then  be  lowered  by  raising  the  emitter 
current  and  increased  by  raising  the  collector  to  base 
voltage.  Since  this  architecture  offers  a  unique, 
simplified  alternative  to  the  varactor  tuning  scheme,  it 
was  selected  for  our  design. 


Figure  3.  9.0GHz  DRO  with  extremely  low  phase  noise. 
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Figure  4.  A  unique  biasing  technique  which  provides 
linear  frequency  tuning  of  a  bipolar  oscillator  by  varying 
the  equivalent  parameters  of  the  transistor[9]. 

Qs£i!.iaior..TssLP.aia 

The  voltage  tuning  characteristics  of  this  oscillator  are 
shown  in  Figure  5  for  an  operating  point  of  Vce=8  V 
and  Ic=10  mA.  Other  results  of  the  DRO  test  data  are 
summarized  in  Table  2.  The  dielectric  resonator  selected 
for  the  first  iteration  of  this  design  had  a  resonant 
frequency  of  8.73  GHz  and  as  shown  in  Table  2,  set  the 
oscillator's  frequency.  The  dielectric  resonator  was  later 
lapped  in  order  to  realize  the  resonant  frequency  of  9.0 
GHz  with  equivalent  phase  noise  performance.  The 
output  power  of  this  iterated  version  was  -20  dBm  as 
opposed  to  that  of  -2.5  dBm  measured  at  8.73  GHz.  The 
reason  for  this  power  difference  was  that  the  matching 
network  had  been  designed  for  optimum  power  at  the 
resonance  of  the  initial  puck  and  had  not  been  altered  for 
the  increased  frequency.  Harmonic  and  spurious 
suppression  matched  well  to  those  values  documented  in 
similar  DRO  circuits.  The  phase  noise  performance  of 


the  two  oscillators  were  measured  on  the  Hewlett 
Packard  3047A  Phase  Noise  Measurement  System  and  is 
shown  in  Figure  6.  In  comparison  to  this  data  is  that 
from  a  low  noise  GaAs  FET  oscillator  designed  by 
Bianchini,  et  al[10].  As  you  can  see,  there  is 
approximately  a  20  dB  advantage  in  close-in  phase  noise 
with  the  BJT  topology.  Bianchini  et  al,  continued  with 
a  frequency  discriminator  method  of  noise  degeneration 
which  improved  their  close-in  noise  by  about  20  dB  but 
the  initial  circuit  is  a  closer  baseline  to  our  topology  and 
is  used  here  for  comparison.  Since  two  identical 
oscillators  are  being  measured  against  each  other  with 
identical  phase  noise  data,  there  will  be  a  summation  of 
voltage  fluctuations.  For  this  reason,  a  3  dB  correction 
factor  is  added  to  this  data  to  demonstrate  the  actual 
characteristic  of  each  oscillator  circuit.  The  resultant 
temperature  stability  was  measured  to  be  -9.8  ppm/°C 
over  a  range  of  +85°C  to  -55°C  with  a  resonator  having 
a  coefficient  of  0  ppm/oc.  The  3  ppm/oC  desired 
frequency  stability  could  be  achieved  by  the  purchase  of  a 
dielectric  resonator  having  a  positive  thermal  coefficient 
which  would  negate  that  of  the  circuit 

Table  2 

DRO  MEASURED  DATA 


Fundamental  Frequency 
Electrical  Tuning 
Output  Power 
Output  Power  vs  Tuning 
Harmonic  Suppression 
Spurious  Suppression 
Temperature  Stability 


8.73  GHz 
+/-500  kHz 
-  2.5  dBm 
+/-  3.4  dBm 
-23.4  dBc 
-73.8  dBc 
+/-9.8  ppm/°C 
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V-FREQ  CONTROL 

Figure  5.  Measured  voltage  tuning  characteristic  of  the 
BJT  DRO. 
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Figure  6.  Curve  A  above  provides  the  phase  noise 
response  of  a  single  BJT  DRO.  This  data  is  found  from 
a  3dB  correction  to  the  measured  data  of  curve  B.  The 
phase  noise  of  a  low  noise  GaAs  FET  DRO  is  shown  in 
curve  C  for  comparison. 
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Conclusions 

The  purpose  of  this  paper  has  been  twofold,  to  provide  a 
tutorial  on  the  fundamental  aspects  of  DRO's  as  well  as 
to  demonstrate  the  usefulness  of  these  devices  in  creating 
an  extremely  low  noise  source.  The  phase  noise 
improvements  gained  with  this  topology  are  nearly  20 
dB  better  than  those  of  the  more  commonly  used  FET 
DRO’s  and  provide  a  means  of  establishing  a  clean 
source  without  the  need  of  multipliers  and  thus  will 
greatly  minimize  hardware  requirements.  Recent 
developments  in  low  noise  HBT  devices  offer 
opportunities  to  enhance  the  phase  noise  characteristics 
of  DRO's  while  providing  higher  output  levels. 
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ABSTRACT 


In  many  areas  of  precision  frequency  metrology,  it  is 
useful  to  use  a  single  nonlinear  element  to  both  multiply  a 
source  frequency  and  mix  this  harmonic  with  a  higher 
frequency  source.  This  process  is  commonly  called 
harmonic  mixing.  When  the  frequency  span  is  gieat,  it  is 
advantageous  to  use  large  harmonic  numbers  to  reduce  the 
complexity,  the  number  of  local  oscillators,  and  ultimately 
the  cost.  Planar  GaAs  Schottky  diodes  are  good  candidates 
for  high-order  harmonic  mixing  because  of  their  high  cut¬ 
off  frequency.  Their  robust  construction  should  lead  to 
excellent  lifetime,  reliability,  and  reproducibility.  We  have 
investigated  the  performance  of  one  type  of  fast  planar 
Schottky  diode  for  harmonic  mixing  with  harmonic  numbers 
from  8  to  201.  Our  measurements  indicate  that,  with 
optimum  biasing  and  power,  harmonic  mixing  with 
harmonic  numbers  up  to  approximately  80  can  be  achieved 
with  good  signal-to-noise  ratios.  Detectable  signals  have 
been  observed  for  harmonic  numbers  of  201.  In  a  test  of 
both  the  nonlinear  and  the  high-frequency  performance, 
we  were  able  to  obtain  a  beat  signal  between  the  34th 
harmonic  of  a  74.17  GHz  klystron  and  a  laser  operating  at 
2522  GHz.  The  resulting  signal-to-noise  ratio  was  48  dB 
(bandwidth  of  3  kHz).  This  is  more  than  sufficient  to 
phase  lock  the  laser  to  the  multiplied  reference  signal. 
From  the  nonlinear  characteristics  of  the  diode  and  the 
signal-to-noise  ratio  obtained  at  lower  frequencies,  it  looks 
as  though  we  can  multiply  from  70  GHz  to  about  4.5  THz 
in  one  step. 

INTRODUCTION 

The  absolute  measurement  of  frequency  and  precision 
frequency  synthesis  up  to  approximately  10  THz  often 

* 
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requires  the  use  of  harmonic  mixers.  Many  types  of  diodes 
have  been  successfully  used  in  this  frequency  range  with  the 
metal-insulator-metal  (MIM)  the  most  common  [1-7]. 
Josephson  junctions  based  on  niobium  have  been  used  up 
to  approximately  3.5  THz  [8-10].  With  the  advent  of  the 
new  high  temperature  superconductors  it  may  eventually  be 
possible  to  extend  this  upper  limit  by  a  factor  of  10  or 
more.  We  report  here  the  results  for  harmonic  mixing  with 
harmonic  numbers  from  8  to  201  using  GaAs  schottky 
diode  constructed  with  planar  geometry  [11].  As  many  as 
1000  separate  diodes  are  fabricated  on  one  die  and 
attached  to  a  5  mm  diameter  post.  A  25  pm  diameter 
tungsten  whisker  of  approximately  9  mm  length  and 
sharpened  to  point  of  approximately  100-1000  A  radius  of 
curvature  is  used  to  select  the  particular  diode,  to  couple  in 
both  the  high  frequency  and  the  low  frequency  radiation 
into  the  diode  and  to  couple  the  IF  signal  into  a  50  Q 
coaxial  line.  Alternately  we  have  used  coaxial  tees  and 
directional  couplers  at  lower  frequencies  to  inject  the 
subharmonic  into  the  diode,  and  to  extract  the  IF 
frequency.  Both  schemes  lead  to  a  high  signal-to-noise 
ratio  (SNR)  for  harmonic  mixing  with  harmonic  numbers 
up  to  80  with  detectable  signals  up  to  harmonic  numbers  of 
201.  There  is  no  evidence  of  significant  roll-off  with  this 
approach  up  to  2.5  THz,  which  is  consistent  with  the 
reported  cut-off  frequency  of  11  Thz  for  this  diode 
structurefll].  These  diodes  appear  to  have  a  long  lifetime 
and  excellent  diode-to-diode  reproducibility.  Failures  were 
traced  to  input  power  in  excess  of  about  15  mW  or  severe 
shock.  Their  use  has  the  potential  for  substantial 
simplification  in  the  hardware  and  reduction  in  the  number 
of  local  oscillators  required  for  frequency  synthesis  in  the 
30  Ghz  to  10  THz  region. 

EXPERIMENTAL  TESTS 

Figure  1  shows  the  block  diagram  of  the  setup  used  to 
compare  the  SNR  for  high-order  harmonic  mixing.  The 
phase  shifter  is  a  simple  line  stretcher.  The  low-pass  filter 
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is  used  to  separate  the  high  frequency  and  the  subharmonic 
from  the  IF  frequency.  For  these  measurements  the  high- 
frequency  signal  was 

fixed  at  74.17  Ghz  and  the  subharmonic  signal  derived  from 
a  frequency  synthesizer.  Fixing  the  high  frequency 
eliminated  uncertainties  in  the  SNR  with  harmonic  number 
associated  with  frequency  roll-off.  The  low-phase  noise 
74.17  GHz  signal  was  coupled  into  the  diode  by  placing  the 
WR  15  waveguide  about  5  mm  from  the  tungsten  whisker. 
The  subharmonic  signal  is  coupled  into  the  diode  using  a 
coaxial  tee  or  directional  coupler.  The  induced  bias  current 
is  maximized  for  low  subharmonic  power  by  adjusting  the 
phase  shifter.  The  subharmonic  power  is  then  adjusted  to 
create  a  bias  current  of  0.5  mA  through  a  1  kQ  resister. 
The  beat  frequency  is  coupled  out 


Figure  1.  Schematic  diagram  of  the  test  setup  used  to 
measure  the  high-order  multiplication  and  mixing  properties 
of  planar  GaAs  Schottky  diodes.  The  phase  shifter  was  of 
the  line  stretcher  type. 

through  the  low  pass  filter  and  amplified  in  an  amplifier 
with  a  noise  figure  of  approximately  9  dB.  The  SNR  of  the 
beat  frequency  observed  on  a  spectrum  analyzer  for 
harmonic  numbers  from  8  to  80  is  shown  in  figure  2.  The 
noise  bandwidth  is  3  kHz.  These  results  were  highly 
reproducible  from  day  to  day  and  from  diode  to  diode. 
Figure  3  shows  the  spectrum  analyzer  trace  on  a  linear 
scale  at  harmonic  mixing  of  201  with  a  noise  bandwidth  of 
3  kHz. 

It  is  notable  that  the  difference  between  odd  and  even 
harmonic  mixing  is  very  small  for  harmonic  numbers  above 
11.  This  is  in  considerable  contrast  to  results  with  many 
other  diodes  [12],  The  decrease  in  SNR  with  increasing 
harmonic  number  is  also  remarkably  small  compared  to 


many  other  systems  [12]. 


A  diode  from  the  same  die  as  above  has  also  been 
used  to  harmonically  mix  the  74.17 

$l0»l  to  NdIm  Ratio  voroja  Humic  feofcor 


Figure  2.  Measured  SNR  versus  harmonic  number  for 
planar  GaAs  Schottky  diodes.  The  upper  reference 
frequency  was  held  at  74.17  GHz  for  all  except  the  point 
labeled  "x  34  signal  at  2522  GHz"  where  the  upper 
reference  frequency  was  2522  GHz.  Repeatability  of  the 
SNR  measurements  was  typically  +  /-3  dB. 


Linear  Scale 
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Figure  3.  Spectrum  analyzer  plot  for  the  beat  frequency 
between  the  74.17  GHz  reference  and  the  201  st  harmonic 
of  the  frequency  synthesizer.  The  drive  level  was  about  6 
dB  higher  than  for  the  data  of  figure  2. 
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GHz  signal  with  the  118.8  pm  (2522.7816  GHz)  laser  line 
of  CHjOH  (methyl  alcohol).  The  block  diagram  is  shown 
in  Figure  4.  The  74.17  GHz  klystron  source  was  phase 
locked  30  MHz  below  the  7th  harmonic  of  a  very  stable 
10.6  GHz  source[13).  The  width  of  the  phase-locked  74.17 
GHz  source  was  approximately  5  Hz.  The  118.8  aim  line 
was  oscillating  with  approximately  1  mW  of  power.  Figure 
5  shows  the  spectrum  analyzer  trace  for  the  beat  frequency 
with  a  noise  bandwidth  of  10  kHz. 


Figure  4.  Schematic  diagram  of  the  test  setup  used  to 
measure  the  SNR  for  the  beat  frequency  between  the  34  th 
harmonic  of  74.17  and  the  2.522  THz  methyl  alcohol  line. 


100 kHz / Div  BW  10kHz 


Figure  5.  Spectrum  analyzer  plot  for  a  1  MHz  sweep  over 
the  beat  frequency  between  the  34th  harmonic  of  the  74.17 
GHz  reference  and  the  2.522  THz  line  of  methyl  alcohol 
line.  The  noise  bandwidth  was  10  kHz. 

Figure  6  shows  the  spectral  analyzer  for  a  noise  bandwidth 
of  3  kHz.  The  increase  in  the  apparent  noise  floor  at 
about  200  kHz  is  due  to  the  residual  phase  noise  in  the 


klystron  source  that  was  not  removed  by  the  phase-locked- 
loop.  This  increase  can  in  principle  be  significantly  reduced 
by  increasing  the  bandwidth  of  the  phase-locked-loop  The 
SNR  for  this  signal  is  about  46  dB  if  one  considers  the 
noise  in  the  wings  which  are  not  effected  by  the  noise 
bump.  This  result  is  in  close  agreement  with  that  measured 
at  low  frequencies  and  shown  in  figure  2.  Evidently  the 
roll-off  effects  in  the  diode  are  still  small  at  2.5  THz. 


x  34  Beat  Sioruy  at  2522  GHz 


50  kHz  /Div  BW  3  kHz 


Figure  6.  Spectrum  analyzer  Plot  for  a  500  kHz  sweep  over 
the  beat  frequency  between  the  34th  harmonic  of  the  74.17 
GHz  reference  and  the  2.522  THz  line  of  methyl  alcohol. 
The  noise  bandwidth  was  3  kHz. 

CONCLUSION 

We  have  shown  that  sample  GaAs  Schottky  diode  of 
the  planar  type  are  sufficiently  nonlinear  to  yield  very  high 
SNR  for  harmonic  mixing  up  to  order  80.  Detectable 
signals  can  even  be  obtained  for  harmonic  number  of  201 
for  stable  sources  where  the  noise  bandwidth  can  be 
reduced  to  100  Hz.  Frequency  roll-off  effects  in  the  diode 
were  not  detectible  at  2.5  THz,  which  is  consistent  with  the 
calculated  value  of  11  THz  based  on  the  mask  geometries. 

The  SNR  is  nearly  identical  for  either  odd  of  even  order 
harmonic  mixing  for  harmonic  numbers  above  11.  The 
sample  diodes  tested  were  very  stable  in  time  and 
reproducible  diode  to  diode  on  the  same  die. 
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Fractional-N  synthesis  allows  a  PLL  to  achieve 
arbitrarily  fine  frequency  resolution.  Because  the 
technique  modulates  the  instantaneous  divide  ratio, 
fractional-N  synthesizers  suffer  from  fractional  spurs. 
Various  cancellation  schemes  allow  fractional  spur 
reduction  to  about  -70  dBc  at  the  expense  of  hardware 
cost  and  complexity. 

Recent  advances  in  oversampling  A/D  conversion 
technology  can  be  incorporated  into  fractional-N 
synthesis,  allowing  the  spectrum  of  error  energy  to  be 
shaped  so  that  fractional  synthesis  error  energy  is 
pushed  away  from  the  carrier.  Based  on  this  new 
technology,  a  CMOS  integrated  fractional-N  divider 
was  successfully  developed.  A  complete  fractional-N 
PLL  was  constructed  utilizing  only  the  CMOS  divider, 
a  dual  modulus  prescaler,  a  simple  loop  filter  and 
VCO.  The  resulting  PLL  exhibits  no  fractional  spurs. 


loop  f i 1  ter 


divide  ratio 


Fig.  2  Alternating  divide  ratio  of  fractional-N  PLL. 


I)  Review  of  Fractional-N  Synthesis 

In  a  conventional  PLL  (Fig.  1)  Fvco  =  NxFrt(.  The 
divide  ratio,  N,  must  be  an  integer  and  therefore  the 
frequency  resolution  of  the  locked  loop  is  Fref.  Fine 
frequency  resolution  requires  a  small  Fref  and  a  corres¬ 
pondingly  small  loop  bandwidth.  Narrow  loop 
bandwidths  are  undesirable  because  of  long  switching 
times,  inadequate  suppression  of  VCO  phase  noise, 
and  susceptability  to  hum  and  noise. 

Fractional-N  synthesis  was  developed  to  allow  a 
phase-locked  loop  to  have  frequency  resolution  finer 
than  Fre(  [1],  [2],  In  a  fractional-N  divider,  the  integer 
divide  ratio  is  periodically  altered  from  N,  to  N  + 1 
(Fig.  2).  The  resulting  average  divide  ratio  will  be 
increased  from  N  by  the  duty  cycle  of  the  N  +  l 
division. 


Average  Fveo  = 

— 1 —  [tn  x  N  x  Fref  +  TNtlx  (N+l)  x  Fre(J 
(Tn  +  Tn+1) 

=  [n  +  Tn+1/(Tn  +  Tn+1)]  x  Fref  *  (N.f)  x  F„( 

...where  N  denotes  the  integer  portion  of  the  divide 
ratio  and  .f  is  the  fractional  component  of  the  average 
divide  ratio. 

Typically,  the  overflow  from  an  accumulator  is 
used  to  modulate  the  instantaneour  divide  ratio 
(Fig.  3)  [3],  Given  that; 

a)  VCO  frequency  =  N.f  x  Fref 

b)  Accumulator  maximum  capacity  =  C-l 

c)  X  =  .f  x  C  (so  that  X/C  =  -0 
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Fig.  3  Fractional-N  PLL  showing  accumulator 
control  of  divide  ratio. 


...then,  while  the  divider  is  programmed  to  divide  by 
N,  the  VCO  signal  at  the  phase  detector  will  be  at  a 
frequency  of  Fref  +  (.f/N)xFre(  and  the  loop  phase 
error  will  begin  to  advance  at  a  rate  of  2rrx(.f/N)xFre, 
rads/sec.  The  phase  error,  referred  to  the  VCO, 
advances  at  a  rate  of  27rx.fxFre(  rads/sec.  Because  the 
accumulator  is  summing  the  same  fraction  as  the 
VCO  phase-error/reference-cycle,  an  accumulator 
overflow  corresponds  to  a  VCO  phase  error  exceeding 
27T  radians  and  indicates  the  need  to  remove  2?r  of 
phase  from  the  VCO  output;  accomplished  by 
changing  the  divider  modulus  to  N  + 1  for  a  single 
reference  cycle. 


rads 


Fig.  4  Sawtooth  phase  error  of  conventional 
fractional-N  synthesis. 


loop  f I  I  tor 


Fig.  5  Fractional-N  PLL  incorporating  phase 
interpolation. 


Fig.  6  High  performance  fractional-N  PLL. 
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This  periodic  modification  of  the  divider  modulus 
gives  rise  to  a  sawtooth  phase  error  (Fig.  4).  If 
unliltered,  the  phase  error  causes  severe  spurious 
tones  (fractional  spurs)  at  all  multiples  of  the  offset 
frequency  (,fxFrt(). 

Fortunately,  it  is  easy  to  predict  what  the  phase 
error  will  he  at  any  given  time  and  a  compensating 
signal  can  be  summed  into  the  PLL  to  cancel  the 
error  signal  (Fig.  5)  (4).  The  phase  detector  output  is 
sampled  to  allow  settling  of  the  interpolation  DAC 
every  reference  cycle.  This  form  of  correction  is 
called  phase  interpolation  and  fractional  spurs  are 
reduced  to  the  extent  that  the  phase  interpolation 
signal  exactly  matches  the  phase  error.  Through  the 
use  of  precision  DACs  and  carefully  designed  phase 
detector  and  sampler  circuitry,  fractional  spurs  of 
-70  dBc  can  be  achieved.  The  complexity  and  expense 
of  the  interpolation  circuitry  makes  this  form  of 
fractional-N  synthesis  unsuitable  in  many  applications. 

Fig.  6  shows  a  0.5  -  1  GHz  fractional-N  PLL 
designed  for  a  high  quality  RF  signal  generator 
(HP  8645).  This  implementation  utilizes  phase 
interpolation,  and  fractional  spurs  arc  suppressed  to 
approximately  -70  dBc.  The  circuitry  of  Fig.  6  docs 
not  include  the  loop  VCO,  but  docs  contain  the 
complete  fractional  divider,  phase  detector,  loop 
amplifier,  circuitry  to  allow  FM  inside  the  PLL 
bandwidth,  and  microprocessor  interface. 

II)  A  New  Approach  To  Fractional  Division 

Imcrpolalivc  A/D  converters  primarily  based  on 
sigma-delta  modulators,  have  recently  been  developed 
into  a  viable  technology  for  low  frequency 
measurement  and  audio  systems  [ 5-7].  Interpolate 
A-D  converters  operate  by  greatly  oversampling  the 
input  with  a  coarse  (usually  one-bit)  converter  and 
then  digitally  filtering  the  one-bit  output  stream  to 
eliminate  out-of-band  quantization  noise.  S/N  is 
further  enhanced  by  embedding  the  one-bit  converter 
in  a  recursive  filter  structure  which  shapes  the 
quantization  noise  present  at  the  converter  output  so 
that  most  of  the  noise  ;  nergy  lies  outside  the  band  of 
interest  and  will  be  removed  during  filtering. 

The  same  concept  may  be  applied  to  fractional-N 
synthesis.  Fraclional-N  synthesis  attempts  to  achieve 
fine  frequency  resolution  thru  manipulation  of  a 
coarse,  integer  divider.  The  desired  fractional 
frequency  is  analogous  to  the  analog  input  of  an  A-D. 
The  integer-restricted  divider  is  analogous  to  the  one- 


bit  converter  utilized  in  interpolate  A-D  converters 
Consequently,  most  of  the  recent  developments  in 
interpolate  A-D  converter  technology  are  also 
applicable  to  fractional-N  synthesis. 


Fig.  7  Sigma-delta  modulator. 

A  multi-stage,  sigma-delta  modulator  architecture 
based  on  the  work  of  Matsuya,  et  al.  [5]  was  chosen  to 
implement  the  new  fractional-N  divider.  Fig.  7  shows 
the  basic  modulator  used  in  sigma-delta  A-D 
converters.  x(k)  is  the  modulator  input,  y(k)  is  the 
modulator  output,  and  eql(k)  is  the  quantization  error 
added  by  the  one-bit  A/D.  In  fractional-N  synthesis 
applications,  the  input  to  the  sigma-delta  modulator  is 
the  desired  fractional  offset,  which  is  a  digital  word. 
Consequently,  the  integrator  may  be  digitally 
implemented  and  the  one-bit  D-A  is  not  required 
Fig.  8  shows  a  sigma-delta  modulator  suitable  for 
fractional-N  synthesis. 


Fig.  8  Sigma-delta  modulator  suitable  for 
fractional-N  synthesis. 

1/(1  -  z1)  1 

Y(z.)  =  - x  (,F(z))  + - x  e„(z) 

1  +  z  7(1  -  z1)  1  +  z. 7(1  -  Z.  ') 

=  F(z)  4  (1-  ')  X  cq(z)  (1) 

A  block  diagram  of  a  3-modulator  fractional 
divider  is  shown  in  Fig.  9.  System  behavior  is 
assumed  sufficiently  random  to  justify  modeling  each 
one-bit  quantizer  as  a  unity  gain  clement  with  added 
quantization  noise  [8].  Under  these  assumptions  the 
quantization  noise  will  be  uniformly  distributed  with 
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a 2  =  (l)2/ 12.  N.f  is  the  desired  rational  divide  ratio 
and  Ndlv(k)  is  the  actual  sequence  presented  to  the 


integer  restricted  divider.  Using  Eq.  1; 

N,(z)  =  (l-z')eqi(z)  +  .f(z)  (2) 

Nj(z)  =  -eql(z)  +  (l-z‘)eq2(z)  (3) 

N/(z)  =  -(l-z')eql(z)  +  (1-z  ’)  eq2(z)  (4) 

N3(z)  =  -eq2(z)  +  (l-z')eq3(z)  (5) 

n3'(2)  =  •(1-z1)2eq2(z)  +  (6) 

Ndiv(z)  =  N(z)  +  N,(z)  +  N2 '  (z)  +  N3 '  (z)  = 

N.f(z)  +  (l-z-l)3eq3(z)  (7) 


Using  Ts  =  1/Frc(  and  Eq.  10  in  Eq.  11,  we  obtain; 

(2  *)2  1 1-z 1  |6F  Itf 

S,(z)  =  -  x  - 

1 1-z 1  |2FfC(2  12 


=  — —  1 1-z1 14  rad2/Hz  (12) 

12Fre( 

If  S#(f)  is  a  two-sided  PSD,  then;  £(f)  =  S#(f) 
Therefore;  ^y 

£(z)  =  -  1 1-z  1 1 4  rad2/Hz 

12Fre(  (13) 

Converting  to  the  frequency  domain  and  generalizing 
to  any  number  of  modulator  sections; 


In  a  locked  PLL,  foul(k)  =  Ndjv(k)  x  Fref 

Using  Eq.  7  we  can  then  write; 
fou,(z)  =  N.f(z)  X  Fref  +  (l-z1)3Frcfeq3(z) 


(8) 


£(0  = 


(2 


2sin(7rf/Fre() 


2(m-l) 


rad2/Hz 


12F„ 


(14) 


...where  m  is  the  number  of  modulator  sections. 


Where  the  1st  term  of  Eq.  8  is  the  desired  freq¬ 
uency,  and  the  second  term  represents  frequency  noise 
due  to  fractional  division.  This  form  is  not  useful  for 
frequency  synthesis  applications  and  needs  to  be 
converted  into  single-sideband  phase  noise,  £(f). 

eq3  has  variance  =  1/12  over  a  bandwidth  of  Fre, 

Consequently,  the  power  spectral  density  (PSD) 


of  eq3  = 

l/(12Frc[). 

Defining,  iz(z)  =  frequency  fluctuations  of  foul(z) 

S„(z) 

=  |(l-z  ‘)3Fref|2  x  (l/12Fref) 

(9) 

=  1 1-z 1 1 6  x  Fref/12 

(10) 

We  want  phase  fluctuations,  not  frequency 
fluctuations. 

0(t)  =  f w(t)  dt  =  27rJV(t)dt 

Employing  a  simple  rectangular  integration  to 
represent  J  dt  in  the  z-domain; 


TsW(z)  2nTM'z) 

0(z)  -  =  - — 

1-z 1  1  -  z 1 


(11) 


Typically  we  are  concerned  with  offset  ranges  small 
compared  to  the  reference  frequency  allowing; 


12Frcl 


f 

Frc/2* 


2(m-l) 

rad2/Hz 


(15) 


Eq.  15  gives  the  colored  quantization  noise 
produced  by  the  multiple  modulator  synthesis 
technique.  Instead  of  discrete  spurs,  error  energy 
produced  by  the  fractional  division  will  be  manifested 
as  noise.  This  noise  must  be  filtered  prior  to  the 
VCO  to  prevent  unacceptable  degradation  of  spectral 
purity.  Interpolative  A-D  converters  utilize  digital 
filters  to  remove  out-of-band  quantization  noise.  In  a 
fractional-N  synthesis  application,  the  PLL  lowpass 
characteristic  may  be  utilized  to  filter  the  quantization 
noise.  A  circuit  example  is  given  in  Section  IV. 

The  system  of  Fig.  9  can  be  simplified  when  it  is 
recognized  that  an  accumulator  is  a  compact 
realization  of  the  sigma-delta  modulator.  Fig.  10 
shows  an  accumulator  based  sigma-delta  modulator. 
The  feedback  of  Fig.  8  occurs  implicitly  in  the  internal 
logic  of  the  accumulator.  Incorporating  accumulators 
into  the  three-stage  sigma-delta  modulator  yields  Fig. 
11.  The  topology  of  Fig.  11  is  readily  amenable  to 
integration.  The  multiple  modulator  fractional-N 
control  system  reduces  to  a  forward  path  of 
accumulators  and  a  reverse  path  of  differentiators. 
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Fig.  9  Three-modulator  fractional-N  divider. 


Fig.  10  An  accumulator  regarded  as  a  sigma-delta 
modulator. 


Fig.  11  Multiple  modulator  divider  implemented  with 
accumulators. 


Ill)  Fractional  Divider  Implementation 


Fig.  12  illustrates  the  overall  block  diagram  of  the 
IC.  This  diagram  can  be  broken  down  into  two 
distinct  sections: 

1)  Basic  Synthesizer 

a)  N-divider 

b)  Phase  Frequency  Detector 

c)  Reference  Divider 

d)  Out  of  Lock  Detector 

e)  Serial  Interface 

2)  Computation  and  Control 

a)  Sequential  Math  Section 

b)  Dedicated  Math  Section 

c)  Data  Flow  Control 
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Fig.  12  Block  diagram  of  the  fractional-N  IC. 


Not  shown  in  Fig.  12  but  included  on  the  IC  is 
circuitry  to  support  FM  inside  the  PLL  bandwidth, 
synthesized  sweep,  and  a  general  purpose  12-bit 
parallel  data  bus  for  control  of  external  peripheral 
devices. 

Basic  Synthesizer 

Although  the  basic  synthesizer  looks  very  much 
like  the  parts  available  from  Motorola  [11],  Fujitsu 
[12]  and  others,  significant  differences  exist,  particu¬ 
larly  in  the  N-divider.  Those  who  have  built  and 
tested  fractional-N  PLLs  know  the  importance  of 
avoiding  spurious  coupling  from  the  N-divider, 
reference  divider,  and  the  fraction  computation  logic 
onto  the  edges  presented  to  the  phase  detector.  With 
this  in  mind,  the  following  basic  premise  governed  the 
architecture  of  the  N-divider  and  Math  sections  of  the 
1C. 


An  IC  was  conceived  to  implement  all  the  digital 
functions  of  a  PLL  incorporating  a  multiple  modulator 
fractional  divider.  The  part  is  fabricated  in  a  1.5 
micron,  5  Volt  CMOS  process  and  packaged  in  a  44 
pin  plastic  leaded  chip  carrier.  The  part  dissipates 
75mW  when  clocked  at  15  MHz. 


"Avoid  spurious  coupling  of  divider  and 
computation  events  to  the  phase  detector  edges  by 
restricting  both  to  separate  times  within  the  PLL 

cycle." 
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This,  coupled  with  the  following  two  observations, 
resulted  in  the  general  PLL  Cycle  requirements 
illustrated  in  Fig.  13. 

a)  To  reduce  the  delay  of  FM,  sweep  and  other 
external  requests,  the  requests  should  be  sampled  and 
their  associated  calculations  executed  at  the  last 
possible  moment  before  the  N-divider  is  reloaded. 

b)  The  VCO/N  edge  placement  must  represent 
exactly  the  number  of  VCO  cycles.calculated  by  the 
sigma-delta  modulators.  No  incidental  PM  can  be 
allowed  to  modulate  the  VCO/N  edge.  The  start  of 
the  reference  cycle  is  "quiet"  and  reserved  for  the 
phase  detector  edges.  The  last  portion  of  the  cycle  is 
reserved  for  the  noisy  calculations  and  prescaler 
modulus  control  changes. 


W-dlvIdar 
Terminal  Count 
Pra- scaled  VCO 
VCO/N  to  Phase  Oat. 

Ref.  Divider 
Math  Calculations 
htodutus  Control 


Fig.  13  Timing  diagram  of  the  basic  PLL  cycle. 


The  N-divider  controller  is  based  on  the  well 
known  dual  modulus  prescaler  [13]  technique.  In  a 
typical  prescaler  based  divider,  prescaler  modulus 
changes  are  referred  to  the  beginning  of  the  reference 
cycle  as  illustrated  in  Fig.  14.  However,  unlike  most 
dividers  found  in  single  chip  synthesizers,  the  new  IC 
references  changes  of  the  prescaler  modulus  to  the 
end  of  the  PLL  reference  cycle  (Fig.  15)  to  facilitate 
time  separation  of  phase  detector  edges  and  noisy 
computations.  Instead  of  using  two  counters  to 
generate  prescaler  modulus  control,  a  counter  and 
comparator  are  used.  The  Q  outputs  of  the  down 
counter  are  compared  to  the  value  stored  in  the 
modulus  control  register.  Although  other  dual 
modulus  dividers  have  been  built  based  on  a  single 
counter  and  comparators  [14],  they  do  not  reference 
the  modulus  control  changes  to  the  end  of  the  PLL 
cycle. 
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Modulus  - 
Control 
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Fig.  14  Prescaler  controller  with  modulus  changes 
referenced  to  the  beginning  of  the  reference  cycle. 
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Fig.  15  Prescaler  controller  with  modulus  changes 
referenced  to  the  end  of  the  reference  cycle. 
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Computation  and  Control 

Consider  the  implementation  of  the  three 
modulator  divider  illustrated  in  Fig.  11.  In  addition, 
let  the  desired  fractional  resolution  require  a  24  bit 
word  width  in  each  modulator  and  an  N  value  less 
than  4096.  The  major  logic  required  to  implement 
this  is  cataloged  as  follows: 

1)  One  24  bit  adders 

2)  Four  24  bit  registers 

3)  Six  24  bit  data  paths 

4)  Two  1-z 1  operators 

5)  One  12  bit  adder 

6)  Three  12  bit  data  paths 

This  could  be  a  large  integration  problem.  Since 
multiple  prescaler  output  cycles  are  available  every 
PLL  cycie,  a  sequential  approach  to  the  accumulations 
was  chosen.  This  approach  complicates  IC  control  but 
saves  considerable  die  area.  The  number  of  prescaler 
output  cycles  per  PLL  cycle  are  limited,  so  the  small 
valued  computations  such  as  the  1-z 1  operators  are 
implemented  in  dedicated  logic.  The  1-z  1  operators 
can  be  scaled  since  their  peak  numeric  value  is 
bounded  (e.g.  +1,-1  for  the  third  modulator  section). 
This  further  reduces  die  requirements. 

The  control  section,  in  addition  to  scheduling 
accumulations,  is  required  to  fetch  dedicated 
computations  into  the  sequential  section  and  pass  new 
values  off  to  the  N-divider  and  pcripherials  used  in 
FM  [15]  and  sweep  functions.  The  state  machine 
required  to  implement  the  sequential  math  and 
control  could  have  been  implemented  in  PLA,  ROM 
or  RAM.  Cell  based  RAM  was  selected  for  its 
obvious  versatility  as  well  as  overall  speed  when 
compared  to  available  cell  based  ROM.  The  1C  has  a 
16  instruction  control  RAM  which  must  be 
programmed  upon  application  of  power  to  the  part. 
RAM  based  control  hastened  development  of  the  part 
and  its  intended  application  because  it  was 
easy  to  reconfigure  the  IC  for  experimentation.  The 
RAM  based  control  also  provides  flexibility  to  PLL 
designers  who,  with  the  IC,  can  program  unique 
combinations  of  correction,  specialized  sweep  and  FM 
or  PM. 


IV)  Complete  Fractional-N  Synthesis  PLL 

The  new  fractional-N  divider  was  used  to 
construct  a  0.5-1  GHz  PLL  (Fig.  16).  The  divider  IC 
was  programmed  to  implement  a  three  modulator 
interpolative  divider.  An  external  32/33  prescaler  was 
utilized  in  conjunction  with  the  fractional-divider  IC  to 
implement  the  N-divider  function.  The  prescaler  is 
preceeded  by  a  divide-by-two  because  the  32/33 
prescaler  is  not  able  to  toggle  at  1  GHz. 


l.SO*  UPF 


The  VCO  is  a  single  band,  0.5-1  GHz,  varactor 
tuned  transistor  oscillator.  The  loop  Fre,  is  200  KHz. 

In  addition  to  the  normal  phase  control  objectives,  the 
loop  filter  must  also  provide  adequate  rejection  to  the 
synthesis  noise.  The  predicted  synthesis  noise  is 
overlaid  on  a  plot  of  the  free  running  VCO  phase 
noise  (Fig.  17)  to  determine  the  loop  filter  design 
parameters.  The  synthesis  noise  plotted  in  Fig.  17  is 
increased  6  dB  over  Eq.  14  because  of  the  divide-by- 
two  prescaler  between  the  VCO  and  the  fractional 
divider  circuit.  Note  how  the  fractional  division  error 
energy  has  been  pushed  away  from  the  carrier.  In  this 
case,  the  error  energy  intersects  the  VCO  phase  noise 
at  an  offset  greater  than  where  the  phase  detector 
noise  intersects  the  VCO  phase  noise.  Notice  also 
that  the  error  energy  rises  at  40  dB/decade.  For  this 
application,  the  servo  requirements  were  satisfied  with 
a  type  II,  second  order  loop  of  approximately  750  Hz 
bandwidth.  The  filtering  requirements  were  met  by 
adding  two  additional  real-axis  poles  (1.8  KHz, 

3  KHz)  to  the  loop  filter. 

The  results  of  a  phase  noise  measurement  on  the 
locked  loop  are  given  in  Fig.  18.  The  fractional 
divider  was  programmed  for  a  frequency  offset  of 
2  KHz.  None  of  the  traditional  2  KHz  (and  multiples 
thereof)  spurs  arc  present. 
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Fig.  17  Phase  noise  sources  in  the  0.5--1  GHz  PLL. 


PHRSE  NOISE  OF  .5-lGHl  FHflCTIONBL-N  PU. 


Eq.  14  was  verified  with  the  apparatus  of  Fig.  19. 
N.f  was  chosen  to  divide  the  applied  RF 
(750.001  MHz)  down  to  the  reference  frequency 
(200  KHz).  The  baseband  noise  recorded  on  the 
spectrum  analyzer  was  adjusted  by  the  reciprocal  of 
the  low  pass  filter  gain;  which  was  measured 
separately.  Results  are  given  in  Fig.  20.  The  noise 
floor  of  the  measurement  system  was  approximately 
-80  dBc. 

The  mathematical  prediction  of  synthesis  error 
energy  (Eq.  14)  relies  on  a  uniform  quantization  noise 
model.  The  reader  may  rightly  wonder  if  this  is 
justifiable.  Several  authors  [9,10]  have  addressed  the 
exact  output  spectra  of  a  sigma-delta  modulator  but 
have  limited  their  analyses  to  single  stage  modulators. 
For  single  stage  modulators,  the  output  spectra  is 
strongly  dependant  on  the  DC  input  to  the  modulator 
and  a  quantization  noise  model  is  not  appropriate  [9], 
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Fig.  19  Apparatus  to  measure  synthesis  noise  of  new 
fractional-N  technique. 

SYimCSIS  NO  I  SC  i  PREDICTED  AND  HCAGlXCD 


Fig.  20  Theoretical  and  measured  synthesis  noise. 


Heuristically,  higher  order  coders  decrease  the 
correlation  between  the  input  signal  and  the 
quantization  error  [10],  permitting  a  quantization  noise 
model. 

We  found  the  three-stage  EDM  to  comply  with 
the  uniform  noise  model  if  the  first  accumulator 
experiences  activity  in,  or  near,  the  LSB  bit  position. 
Inputs  which  excite  only  bits  near  the  MSB  position, 
such  as  .f  =  .5,  .75,  .25  etc,  result  in  a  limit  cycle  of 
short  duration  and  insufficient  randomness  to 
decorrelate  the  quantization  error.  Fortunately,  it  is 
easy  to  always  add  one  LSB  to  the  desired  frequency 
offset  if  the  desired  .f  does  not  already  have  the  LSB 
set.  Because  the  accumulator  length  is  so  large,  a  one 
LSB  frequency  error  is  easily  tolerable.  In  our  test 
circuit  utilizing  a  24  bit  accumulator,  one  LSB 
corresponds  to  0.0238  Hz,  or  4.77x10 5  ppm  worst  case. 
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A  new  technique  for  fractional-N  synthesis  has 
been  developed.  The  technique  causes  error  energy  to 
be  suppressed  at  small  offsets,  allowing  the  remaining 
error  to  be  rejected  by  simple  filtering.  The  technique 
provides  a  tremendous  advantage  in  cost,  size  and 
complexity  over  traditional  fractional-N  synthesis 
techniques  which  utilize  error  correction. 


Fig.  21  shows  a  0.5-1  GHz  PLL  incorporating  the 
new  fractional-N  synthesis  technique.  The  circuit 
contains  the  complete  PLL  (including  VCO),  circuitry 
to  allow  FM  inside  the  PLL  bandwidth  and  a 
microprocessor  interface.  This  implementation  is  over 
2.5  times  smaller  than  its  phase  interpolation  based 
predecessor. 


Fig.  21  Complete  fractional-N  PLL  utilizing  new 
divider  IC. 
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Abstract-Frequency  division  is  an  integral  part  of  rf  and 
microwave  frequency  synthesis.  Unfortunately  until  now, 
non  power-of-2  (e.g.  3,5,6)  divider  ratios  are  limited  to 
maximum  input  frequencies  of  about  500  MHz  ;  the  few 
exceptions  are  at  fixed  divide  ratios.  Presented  is  the 
analysis  and  measured  results  of  a  new  design,  which  is 
conceptually  and  practically  simple,  that  is  capable  of 
dividing  by  any  integer  with  measured  results  for  divide- 
by-3  at  a  1.8  GHz.maximum  input.  The  concept  is  based 
on  a  D  flip-flop  with  a  delay  line  that  controls  the  divide 
integer  in  a  feedback  configuration.  The  divider  is  very 
stable  over  frequency,  power  and  temperature,  is  very 
small,  produces  extremely  low-level  spurious  frequencies, 
has  moderate  residual  phase  noise  and  is  very 
manufacturable 

INTRODUCTION 

Presented  is  a  new  technique  for  building  an  odd  ratio  fixed 
frequency  divider  at  a  demonstrated  1.8  GHz  maximum 
input  frequency.This  technique  has  been  conceived, 
designed,  tested  and  built  by  the  authors.  In  this  article  the 
word  "odd"  is  used  as  a  mnemonics  for  a  non  2n  integer 
rather  than  a  non-even  number.  This  divider,  which  was 
necessitated  by  and  is  intended  for  rf  frequency  synthesizer 
applications,  can  divide  by  any  integer;  however,  its 
novelty  is  most  useful  when  the  integer  chosen  is  a  non  2n 
number,  namely  3,5,6,7  etc,  as  there  are  many  multi-GHz 
input  2n  (2,4,8,16  etc)  dividers  presently  available.  Both 
the  circuit  itself  and  its  intended  function,  selectable  non- 
2n  ratio  and  1  GHz-plus  input  frequency  division,  appear 
to  be  novel  and  is  most  certainly  useful.  There  do  not 
appear  to  be  any  dividers  available  based  on  this  circuit 
concept  and  the  few  dividers  which  are  available  with  input 
frequencies  above  1  GHz  are  not  capable  of  dividing  by  any 
integer.  Consequently  it  gives  the  frequency  synthesizer 
designer  another  design  option  not  currently  available.  The 
circuit  concept  is  based  on  a  D  flip-flop  with  a  delay  Tau 
fedback  from  the  inverted  Q  output  to  the  flip-flop  clear 
input  with  the  D  input  tied  high;  the  divide  ratio  N  is 
controlled  by  selecting  the  delay  Tau.  The  input  frequency 
is  applied  to  the  clock  input  and  the  output  frequency  is  the 
Q  output  Since  this  rf  circuit  is  based  on  a  digital  ic  its 
features  are  directly  coupled  to  the  anticipated  advances  in 


high-speed  digital  ics,  namely  increasing  maximum  input 
clock  frequency  and  minimizing  the  residual  (additive) 
phase  noise,  physical  size  and  dc  power  consumption.  The 
most  important  measured  inherent  characteristics  of  this 
divider  technique  from  a  frequency  synthesis  point  of  ••tew 
are  lack  of  measurable  spurious  oscillations  as  the  input  rf 
frequency,  rf  power,  dc  voltage  and  ambient  temperature  are 
changed,  all  dependently  or  independently  of  one  another,  a 
scarcity  of  undesired  subharmonics,  low  residual  phase 
noise,  very  small  size,  low  dc  power  consumption,  low 
input  rf  drive  and  moderate  rf  power  output  delivery. 

BACKGROUND  PERSPECTIVE 

Frequency  division  is  an  integral  part  of  rf  frequency 
synthesizer  techniques.  The  majority  of  frequency  dividers 
are  realized  digitally  via  edge  triggered  flip-flops  or  as 
analog  circuits  based  on  varactor  diodes  and  resonant 
circuits.  The  following  paragraphs  testify  to  the 
usefulness  of  the  proposed  divider  circuit. 

Edge  triggered  digital  divider  circuits  are  designed  by 
configuring  a  flip-flop  to  change  state  on  a  rising  or  a 
falling  edge  but  not  on  both;  this  in  effect  «s  a  divide-by-2. 
A  divide-by-2n  (2,4,8  etc.)  is  made  possible  by  cascading 
the  desired  number  of  flip-flops.  If  a  non  2n  divide  ratio 
is  the  goal,  r-^-db;  ck  circuit  between  flip-flops  can 
accomplish  this.  T  •'re  many  ways  to  do  this.  Off-the- 
shelf  pre-designec  «.rs  with  fixed  divide  ratios  are 
designed  on  this  technique  as  are  dividers  built  by  the 
equipment  designer  using  the  industry-standard  4-bit 
counter. 

First  consider  the  pre-designed  option.  Plessey 
Semiconductor  has  the  most  comprehensive  selection  of 
pre-designed  dividers,  all  built  with  silicon,  presented  are 
the  highest  input  frequency  odd  ratio  dividers  for  N  <  10. 
The  SP8720  divides  by  3  @  Fmax  =  300  MHz,  the 
SP8620  divides  by  5  @  Fmax  =  400  MHz,  the  SP8740 
divides  by  6  or  7  @  Fmax  =  300  MHz,  and  the  SP8743 
divides  by  9  @  Fmax  =  500  MHz.  GigaBit  Logic  has  the 
highest  non  2n  divider,  the  10G070,  a  2.0  GHz  dual¬ 
modulus  divider,  however  it  divides  by  5  or  6  only.  If  one 
wants  to  divide  by  3,5 ,6, 7  or  9,  these  are  the  options. 
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It  is  worth  noting  that  a  number  of  companies  make  multi- 
GHz  input  2  dividers.  Avantek  makes  the  EFD-01110,  a 
silicon  4.5  GHz  divide-by-4,  Plessey  makes  the  SP8808A, 
a  3.3  GHz  silicon  divide-by-8  and  NEC  makes  the 
UPG5G1B,  a  GaAs  5  GHz  divide-by-4  and  the  UPG506B,  a 
14  GHz  GaAs  divide-by-8,  just  to  name  a  few.  These 
dividers  are  built  with  flip-flops  as  described  previously 
however  they  do  not  have  asynchronous  clear  inputs, 
thereby  making  them  ineligible  for  use  in  the  proposed 
divider  circuit.  As  dividers  and  D  flip-flops  with 
asynchronous  clear  inputs  increase  in  input  frequency  so 
will  the  input  frequency  of  non  2n  dividers  built  with  this 
technique.  If  these  dividers  and  flip-flops  can  be  made  of 
silicon  instead  of  GaAs,  the  improvement  of  residual  phase 
noise,  specifically  the  approximately  20  dB  decrease  of  the 
1/f  frequency  point,  will  make  this  technique  better  suited 
for  lowest-possible  phase  noise  synthesizers.  At  this  time 
the  chosen  D  flip-flop,  GigaBit  Logic's  10G021A-2L,  a 
GaAs  device,  is  the  highest  input  frequency  D  flip-flop 
with  asynchronous  clear  that  is  commonly  available. 

Next  the  design-it-yourself  option.  The  numerous  4  bit 
programmable  counters  readily  lend  themselves  to  2n  and 
non  2n  frequency  division  ratios.  These  counters  are 
available  in  cmos,  ttl,  eel  and  GaAs  circuit  technologies, 
emos  and  ttl  counters,  manufactured  by  many  companies, 
have  maximum  input  frequencies  at  about  a  100  MHz. 
GigaBit  Logic  makes  a  GaAs  counter,  the  10G061,  with  a 
1.3  GHz  maximum  input  frequency,  this  is  the  only  1 
GHz-plus  input  frequency  4-bit  counter  currently  available. 
However  due  to  propagation  delays,  feedback  circuits 
inherently  reduce  maximum  input  frequency,  often  by  a 
multiplicative  factor  of  0.60  to  0.80,  compared  to  the  same 
flip-flop  configured  for  straight  2n  divide  ratios  with  no 
feedback. 


divide  ratio,  N,  is  3.  The  cause  and  consequence  of  each 
change  of  state  in  either  CK,  Q,  Qbar  or  CLR  with  respect 
to  time  is  marked  by  a  number  in  the  diagram  and  verbally 
explained  as  follows: 


FIGURE  1 


-1-  On  the  clock  falling  edge  the  D  input  is  strobed 
into  the  flip-flop.  D  is  hard-wired  logic  high  and  the 
particular  flip-flop  is  negative  edge  triggered.  Whether  the 
particular  flip-flop  used  is  regative  or  positive  edge 
triggered  is  inconsequential.  The  state  of  Q  prior  to  event  - 
1-  is  irrelevant 

-2-  As  a  result  of  event  - 1  -  the  Q  and  Qbar  outputs  go 
high  and  low  respectively  after  the  CK-to-Q 
delay,  in  this  case  525  picosecs. 

-3-  Since  the  Qbar  output  is  fedback  via  a  delay  Tau 
to  the  CLR  input ,  a  time  delay  Tau  after  event  -  2-  Qbar 
low  appears  at  the  CLR  input .  There  are  no  changes  in  Q 
due  to  any  clock  falling  edges  that  might  occur  between 
events  -2-  &  -3-  since  the  D  input  is  hard-wired  high  and  Q 
is  already  high. 


In  view  of  the  preceding  paragraphs  one  can  conclude  that 
the  only  pre-packaged  divider  above  500  MHz  input 
frequency  is  limited  to  divide  ratios  of  5  &  6  and  the 
maximum  input  frequency  of  a  4-bit  counter  set  for  a  non 
2n  divide  ratio  is  1  GHz. 

CONCEPT  AND  ANALYSIS 

The  concept  of  this  novel  divider  technique  is  based  on  a  D 
flip-flop  and  a  delay  Tau  fedback  from  the  inverted  Q 
output  to  the  asynchronous  clear  (CLR)  input  with  the  D 
input  tied  high  as  shown  in  the  block  diagram.  The 
maximum  input  frequency  is  limited  by  the  maximum 
clock  (CK)  frequency  of  D  flip-flops  on  the  market  and  the 
divide  ratio  is  controlled  by  setting  the  propagation  delay, 
Tau,  of  the  feedback  circuit  The  D  flip-flop  must  have  an 
asynchronous  CLR  input  The  circuit  analysis,  including 
device-specific  propagation  delays,  is  most  clearly 
visualized  by  referring  to  the  timing  diagram  of  the  built 
divider.  The  input  frequency  is  1.4  GHz,  714  picoseconds, 
the  flip-flop  is  GigaBit  Logic’s  10G021A,  and  the  desired 


-4-  As  a  result  of  event  -3-  the  Q  and  Qbar  outputs  go 
low  and  high  respectively  after  the  CLR  to  Q  and  Qbar 
delay,  in  this  case  625  picosecs. 

-5-  Since  the  CLR  input  is  merely  the  delayed  Qbar 
output  a  time  delay  Tau  after  event  -4-  the  CLR  port  goes 
high  (deactivated).  Remember  that  between  events  -3-  &  - 
5-,  when  the  CLR  input  is  low,  the  clock  input  has  no 
effect  on  the  state  of  either  outputs. 

-6-  Event  -6-  is  a  repeat  of  event  -1-,  at  that  time  the 
D  input  is  strobed  into  the  flip-flop.  Q  is  low  at  this  time. 

-7-  As  a  result  of  event  -6-,  Q  changes  state  and  goes 
high  after  the  CK-to-Q  delay  thus  completing  one 
frequency  division  cycle. 
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signal  would  select 
which  delay  line  is  in 
the  circuit  thereby 
selecting  N  or  N  +  1. 


GENERAL 
CIRCUIT  DESIGN 
PROCEDURE 

The  circuit  design 
procedure  is  fairly 
straightforward  and  is 
summarized  as 
follows: 

Select  the  D  flip- 
flop.  The  flip-flop 
must  have  an 
asynchronous  clear 
input.  Synchronous 
Q  and  Qinverted 
outputs  are  preferred 
but  not  essential. 
The  only  relevant  ac 
parameters  of  the 
chosen  flip-flop  are 
the  CK-to-Q  and 
CLR-to-Q  delays. 
The  maximum 


FIGURE  2 

Given  the  proceeding  explanation  one  can  realize  the 
following: 

The  value  of  Tau  is  chosen  such  that  2Tau  plus  both  CK- 
to-Q  and  CLR-to-Q  delays  is  greater  than  N-l  input  clock 
cycles  and  less  than  N  clock  cycles  where  N  is  the  desired 
divide  ratio;  this  would  be  stated  in  equation  form  as: 

(1CK  cycle)(N-l)  <  2Tau  +  CK-to-Q  +  CLR-to-Q 
<(1CK  cycle)(N)sec 

The  objective  is  to  solve  for  Tau  given  a  known  (desired) 
value  of  N.  This  is  the  only  pertinent  design  equation. 

Note  that  the  timing  diagram  reveals  that  the  input  to 
output  time  delay  of  this  circuit  is  the  D  flip-flop  internal 
CK-to-Q  delay,  in  this  case  525  picosecs. 

This  technique  can  also  be  used  to  build  a  high  speed  dual 
modulus  prescalar.  The  only  change  in  the  circuit  would  be 
to  have  2  delay  lines,  one  for  and  the  other  for  N  +  1, 
connected  from  Q  inverted  to  a  2:1  mux  input,  and  connect 
the  mux  output  to  the  CLR  input.  The  mux  control 


divider  (flip-flop  plus 
required  feedback)  operating  frequency  is  limited  by  the 
above  mentioned  delays,  the  flip-flop  maximum  input 
frequency  and  the  external  delay  that  comprise  Tau.  The 
divider  maximum  frequency  has  been  measured  to  be  about 
0.6  to  0.8  times  the  flip-flop  maximum  frequency  for  N  = 
2  or  3.  As  expected,  the  maximum  divider  input  frequency 
will  decrease  as  the  external  delay  Tau  is  increased;  this 
must  be  considered  when  selecting  the  flip-flop. 

The  next  step  is  to  determine  the  value  of  the  external 
delay,  Tau,  that  must  be  introduced  to  acheive  the  desired 
divide  ratio  N.  The  above  stated  equation  yields  the  value 
of  Tau.  How  Tau  is  implemented  depends  on  what  it 
physically  is.  For  values  of  N  less  than  10  Tau  can 
conveniently  be  realized  passively  through  a  coaxial  cable, 
microstrip  transmission  line  or  as  in  this  application,  a 
piece  of  wire.  The  method  the  authors  used  was  to  consider 
the  passive  delay  line  as  a  characteristic  impedance  in  series 
with  the  shunt  CLR  input  capacitance.  These  two 
quantities  determine  a  time  constant  which  in  turn 
determines  how  quickly  the  CLR  input  voltage  reaches  the 
threshold  voltage.  The  design  example  goes  through  this 
in  detail. 

The  last  step  is  to  determine  the  circuit  design  practicalities 
dictated  by  the  already  chosen  flip-flop  and  delay  line.  No 
"special”  circuits  such  as  tuned  or  diode  clamping  circuits 
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are  required.  Refer  to  the  detailed  circuit  schematic  and 
photo  of  the  design  example  built  The  salient  features  are 
summarized:  Even  though  this  circuit  concept  is  digital  at 
heart  (based  on  and  realized  with  an  edge  triggered  device), 
consider  this  an  rf  circuit  and  design  accordingly.  Make 
sure  to  use  chip  capacitors  and  resistors  for  rf  line 
terminations,  flip-flop  output  voltage  pull  downs,  ac 
decoupling  and  dc  blocking.  Leaded  dc  blocking  capacitors 
at  the  output  (Qport  of  flip-flop)  have  been  determined  to 
cause  spurious  frequencies  near  the  carrier,  the  cause  of 
death  of  many  frequency  synthesizer  circuits. 

DESIGN  EXAMPLE 

The  system-imposed  specfication  that  necessitated  the 
invention  of  this  divider  dictated  that  a  frequency  between 
450  MHz  and  550  MHz  with  spurious  less  than  -80  dBc  be 
generated  from  a  1400  MHz  reference.  The  authors 
conceived  this  circuit  after  confirming  that  dividing  1.4 
GHz  by  3  would  be  the  best  solution  and  that  there  were 
no  pre-dcsigned  divide-by-3s  available  at  1.4  GHz. 


FIGURE  3 

The  divider  was  designed  with  the  GigaBit  Logic 
10G021A-2L  in  mind,  a  dual  D  flip-flop  with  a  2.7  GHz 
maximum  clock  frequency;  only  one  flip-flop  of  the  two  in 
the  40-pin  IC  was  used.  The  required  delay  Tau  for  N  =  3 
is  calculated  using  the  preceding  equation: 

1400  MHz  is  714  picosecs,  therefore  the  sum  of 
all  3  delays  must  be  between: 

1428  picosecs  <  2Tau  +  CK-to-Q  + 
CLR-to-Q  <  2142  picosecs 


clock-to-Q  delay  =  525  picosecs 
CLR-to-Q  delay  =  625  picosecs 

thus:  140  picosecs  <  Tau  <  4%  picosecs 

The  next  step  was  to  try  to  account  for  all  delays  that 
comprise  Tau;  in  order  to  do  this  a  detailed  description  of 
the  layout  is  necessitated.  For  extra  clarity  refer  to  the 
circuit  photo  and  Tau  equivalent  circuit  The  10G021A-2L 
dual  D  flip-flop  is  a  40  pin  leadless  chip  carrier  (lcc) 
package  that  is  0.480  X  0.480  X  0.105  inches.  It  is 
directly  soldered  to  the  top  of  a  GigaBit  Logic  prototype 
board,  the  90GUPB,  a  four  layer  70  mil  thick  board  made 
of  G-10  material.  The  top  side  of  the  circuit  board  has  200 
mil  long  50G  microstrip  lines  and  the  bottom  side  has 
plated  through  vias,  both  corresponding  to  each  of  the  40 
"pinouts”.  The  two  middle  layers  are  used  for  dc  voltage 
distribution  only  and  are  not  part  of  the  delay  Tau.  For  the 
sake  of  soldering  convenience  Tau  was  implemented  by  a 
piece  of  wire-wrap  wire,  30  awg,  and  was  soldered  on  the 
bottom  side  of  the  board  between  the  Qinverted  output  (pin 
22)  and  CLR  input  (pin  29)  plaied-lhrough  holes.  Refer  to 
the  circuit  photo.  The  board  was  subsequently  re-built  on 
a  l  oz.  copper  double  sided  63  mil  thick  epoxy  (FR-4) 
circuit  board  with  no  change  in  performance. 


TOP 

FIGURE  4 
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BOTTOM 


FIGURE  5 


First  consider  the  inherent  time  delays,  the  significant  ones 
are  summarized  as  follows: 

(1)  Assume  10  picosecs  delay  at  each  end  of  the  wire 
due  to  the  path  from  the  LCC  through  the  via  to  plated- 
through  hole  on  board  bottom.  This  is  20  picosecs  of 
delay. 

(2)  The  200  mil  long  500  line  on  top  of  the  board  is 
not  used  or  terminated  and  thus  is  a  capacative  open  stub 
driven  by  a  low  impedance  source.  Assuming  2  pf  and 
8Q: 

One  time  constant  =  (8Q)X(2  E-I2pf)  = 

16  picosecs 

(3)  The  largest  inherent  delay  is  due  to  a  combination 
of  the  shunt  capacitance  of  the  CLR  input  port  and  the 
transmission  line  that  is  Tau.  A  piece  of  30  AWG  wire 
laying  flush  to  the  board  bottom  has  a  characteristic 
impedance  of  about  150Q  and  the  CLR  port  input 
capacitance  is  estimated  at  1.5  pf. 

One  time  constant  =  (150£2)X(1.5E-12 

pf)  =  225  picosecs 

The  following  pertains  to  (2)  &  (3).  One  RC  time 
constant  is  0.63  of  final  voltage.  Considering  that  the 
voltage  levels  are  -0.6V  for  logic  state  1  and  -1.7  for  logic 
state  0 : 


-0.6V  -  (0.63)X(1.1V)  =  -1.29V  this  is  close  to 
the  threshold  point,  -1.3V,  of  an  ECL  circuit 

Therefore  one  time  constant  is  equal  to  the  time  it  takes 
an  ECL  level  voltage  swing  to  go  from  a  logic  1  state  to 
the  threshold  voltage.  The  CLR  input  is  active  low, 
therefore  the  clear  command  is  initiated  at  threshold. 
Summing  the  time  delays  due  to  (1),  (2)  &  (3)  yields: 

20  +  16  +  225  =  261  picosecs 

This  is  the  calculated  value  of  total  inherent  delay  over 
which  the  designer  has  little  control.  The  designer  can 
chose  the  physical  length  of  line,  this  is  added  to  the 
inherent  delay.  A  0.7  inch  long  piece  of  wire-wrap  wire 
was  chosen,  this  causes  the  following  delay: 

(0.7inM39.3  in/m)  =  0.018  m 
(0.018  m)+{3  E8  m/s)  =  60  picosecs 


Therefore  the  total  calculated  delay  Tau  is  261+  60  =  321 
picosecondss.  This  value  is  close  to  the  midpoint  of  the 
calculated  140  to  496  picosecond  range  required  for  N  =  3. 


FIGURE  6 

Calculating  Tau  is  the  only  design  task  other  than 
choosing  pull-down  resistors  and  decoupling  capacitors, 
these  are  standard  eel  and  GaAs  design  considerations;  thus 
they  merit  no  further  mention  here  other  than  to  note  that 
the  10G021A-2L  accepts  and  puts  out  eel  compatible 
voltage  levels. 

MEASURED  RESULTS 

From  a  circuit  design  perspective  the  circuit  was  an  instant 
success.  The  delay  Tau  did  not  need  to  be  adjusted.  The 
preceding  design  procedure  was  followed  and  the  only 
required  re-work  was  the  replacement  of  a  leaded  330  pf 
chip  cap  with  a  non-leaded  one  functioning  as  the  Q  output 
dc  block.  The  leaded  capacitor  induced  low-level  spurious 
close  to  the  output  frequency;  a  chip  capacitor  solved  that 
problem.  In  this  article  spurious  frequencies  are  defined  as 
frequencies  not  harmonically  or  subharmonically  related  to 
the  input  frequency. 
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The  features  and  measured  results  are  summarized  as 
follows,  refer  to  spectrum  analyzer  and  phase  noise  plots. 
The  1.4  GHz  source  was  the  HP  8642B,  a  spectrally  pure 
synthesized  signal  source,  the  spectrum  analyzer  was  the 
HP  8566B  and  the  phase  noise  was  measured  on  the 
HP3047  system: 

INPUT  FREQUENCY  (F)  OF  INTEREST:  1 .4  GHz 

DESIRED  DIVIDE  RATIO:  N  =  3 

INPUT  FREQUENCY  RANGE:  (for  Tau  fixed  for  N  =  3) 


1210  MHz  <  Fin  <  1810  MHz  N  =  3 
Fin  >  1810  MHz  No  output  frequency 

1 180  MHz  <  F  <  1200  MHz  N  =  5  &  7  (unstable) 
590  MHz<F<  1170  MHz  N  =  2 

Note  that  max  operating  fireq,  1810  MHz,  is  about  0.67  of 
specified  max  clock  freq.  Also  note  that  as  the  input 
frequency  is  decreased  the  divide  ratio  decreases,  as  predicted 
by  the  design  equation. 


OUTPUT  HARMONICS:  (c  =  +7  dBm  @  466.67  MHz) 


2d 

(933.33  MHz) 

-9  dBc 

3d 

(1400  MHz,  input) 

-22  dBc 

4th 

(1866.67  MHz) 

-16  dBc 

5th 

(2333.33  MHz) 

-20  dBc 

19  th 

(8.86  GHz) 

-70  dBc 

Note  that  the  10G021A-2L  puts  out  an  ECL  compatible 
waveform  with  high  odd  harmonic  content  due  to  die  150 
picosecs  rise  and  fall  times. 

INPUT  (F)  SUBHARMONICS:  (other  than  integer 
multiples  of  F/3) 

F/6  (233.33  MHz)  -71  dBc 

F/2  (700  MHz)  -69  dBc 

No  others  greater  than  the  spectrum  analyzer  noise  floor, 
about  -85  dBc 

SPURIOUS: 

None  greater  than  the  spectrum  analyzer  noise  floor,  about 
-85dBc.  The  phase  noise  measurement  revealed  a  spur  - 1 10 
dBc  at  600  KHz  offset  at  1 .4  GHz  input  and  spurs  -95  TO 
-100  dBc  around  20  MHz  offset  at  1.7  GHz  input. 
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FIGURE  8 

RESIDUAL  PHASE  NOISE: 

In  this  article  residual  phase  noise  is  defined  as  the  phase 
noise  generated  by  any  circuit  that  has  a  frequency  input 
These  circuits  include  frequency  synthesizers,  dividers  and 
mulitpliers,  amplifiers,  and  rf  switches.  The  output  phase 
noise  of  these  devices  is  the  logarithmic  sum  of  the  rf 
source  input  phase  noise  and  the  device  generated  (residual) 
phase  noise.  Since  the  rf  source  input  phase  noise  usually 
predominates  over  the  device  generated  phase  noise,  the 
device  generated  phase  noise  is  classified  as  residual.  This 
distinction  between  phase  noise  and  residual  phase  noise  is 
not  only  important  for  academic  clarity,  each  require  a 
different  measurement  technique.  The  residual  phase  noise 
measurement  is  inherently  indirect;  it  involves  making  two 
phase  noise  measurements,  one  with  and  one  without  the 
circuit-under-test  and  observing  the  degradation  caused  by 
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the  circuit-under-test.  Refer  to  the  hp  3047  operating 
manual  and  related  hp  application  notes  far  further  details. 


i  STD-t  *  i  .  t  jiZ  l  T 

qj*  •  *  »30  t0:«fc'k0  *1 


The  residual  phase  noise  of  the  divide-by-3s  was  10  dB  or 
greater  than  the  measurement  system  phase  noise  for  most 
of  the  10  Hz  to  40  MHz  offset  span;  consequently  the 
measurement  system  phase  noise  has  negligible  effect  on 
the  divider  residual  phase  noise.  One  can  conclude  that  the 
phase  noise  plot  of  the  measurements  with  the  dividers  is 
due  to  the  divider  residual  phase  noise  only,  the 
measurement  system  phase  noise  contribution  is 
negligible.  Note  that  the  residual  phase  noise  of  each 
divider  is  assumed  to  be  3  dB  lower  than  measured  since 
there  are  two  dividers  in  the  measurement  It  is  reasonable 
to  assume  that  both  contribute  equally  to  the  measured 
value,  hence  the  3  dB  reduction. 

Presented  are  some  observations  of  the  measurent  results: 


FIGURE  9 


(1)  Far-out  floor  level  of  about  -160  dBc/Hz  @  1.4 
GHz  input 

(2)  1/f  (10  dB/decade)  slope  out  to  the  far-out  floor, 
about  4  MHz  offset  @  1.4  GHz  input 

(3)  10  dB/decade  slope  increases  to  about  13  dB/decade 
below  10  KHz.  This  increase  from  10  dB  to  13  dB, 
theoretically  unexplainable,  is  presumed  to  be  a 
measurement  inaccuracy.  It  is  possible  that  the  resolution 
bandwidth  was  wide  enough  to  not  detect  the  ever-present 
discrete  60  Hz  harmonics,  consequently  the  discrete  power 
of  these  harmonics  was  "lumped  in"  with  the  divider 
residual  phase  noise.  This  statement  is  an  assumption. 

(4)  The  residual  phase  noise  across  the  entire  offset 
frequency  span  is  about  3  dB  lower  at  1.4  GHz  than  at  1.7 
GHz 

MEASUREMENT  SYSTEM  PHASE  NOISE  SET-UP 
AND  RESULTS 


omni  spectra 


DIVIDER  RESIDUAL  PHASE  NOISE  SET-UP  AND 
RESULTS  FOR  1.4  GHZ  AND  1.7  GHZ  INPUTS 
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OPERATING  TEMPERATURE: 


<  O./U  +/W 


FIGURE  11 

RF  INPUT  POWER: 

+3  dBm  minimum 

+  17  dBm  maximum  (-4.0  to  +0.5V  @  500  is  10G021A 
max  ) 

+5  dBm  to  +10dBm  (  about  2.0V  pk-to-pk)  recommended 


All  measurements  except  spectrum  analyzer  measurements 
were  made  at  room  temperature.  The  spectrum  analyzer 
measurents  consisted  of  measuring  the  output  power, 
spurious  frequencies  and  input  frequency  range.  These 
measurements  were  made  at  -55  C,  +25C  and  +85C. 
There  were  no  spurs  and  the  only  degradations  at  -55  C 
and  +85  C  were  a  slight  decrease  m  output  power  and  input 
frequency  range.  The  D  flip-flop  used  was  specified  from  0 
C  <  Tease  <  +85  C  and  is  available  from  -55  C  <  Tease  < 
+  125  C. 

TIME  DOMAIN: 

A  time  domain  measurement  of  the  output  using  the  HP 
5411  ID  digitizing  oscilloscope  revealed  a  penodic  non- 
sinusoidal  waveform  that  had  the  characteristics  of  a  wave 
rich  in  harmonics  with  a  3.4V  pk-to-pk  output  @  1MQ 
impedance  and  1.4V  pk-to-pk  output  @  500  impedance 
with  a  duty  cycle  close  to  50%.  It  is  omitted  from  this 
paper  since  it  reveals  very  litile  useful  information. 

SUMMARY 

The  most  attractive  features  of  this  circuit  from  a  frequency 
synthesis  perspective  are  the  extremely  low-level  spurious 
frequencies,  moderate  residual  phase  noise,  close  correlation 
of  predicted  delay  Tau  to  actual  value  necessary  to  realize  a 
desired  divide  ratio  N  and  circuit  simplicity  from  both 
theoretical  and  practical  perspectives.  The  authors  would 
like  to  thank  Sandra  Hosley  for  assembling  the  circuit  Ike 
Mathis  for  generating  the  drawings  and  Bill  Webster  & 
Jerry  Phillips  for  general  support  and  encouragement  of 
this  effort. 


OUTPUT  POWER  INTO  50Q:  +5  to  +7  dBm  over 

frequency,  temperature  and  from  unit  to  unit 


DC  POWER: 


-5.2V  @  -50mA  =  0.26  watts 
-3.4V  @  -1  lOma  =  0.374  watts 
total  =  0.634  watts 


SIZE:  occupies  about  0.80  X  0.80  X  0.20 

excluding  sma  connectors 

Note  that  since  the  10G021A  is  dual  D  flip-flop,  a  second 
separate  divider  can  be  built  with  the  same  lec  resulting  in 
little  if  any  increase  in  these  dimensions  and  dc  power 
consumption. 
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FORTY -FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 

ULTRA  LOW  NOISE  MICROWAVE  PHASE  STABILIZER 
USING  SAPPHIRE  RING  RESONATOR* 


(I.  .1.  Dick.  J.  Saunders  and  T.  Tucker 

California  Institute  of  Technology.  Jet  Propulsion  Laboratory 
4800  Oak  drove  Drive,  Bldg  298 
Pasadena.  California  91  109 


Abstract 

We  present  design  details  for  two  sapphire 
"whispering  gallery"  mode  phase  stabilizers 
presently  under  construction.  The  sapphire 
resonators  are  cooled  in  individual  liquid  ni¬ 
trogen  dewars  to  an  operating  temperature  of 
approximately  80  K  and  each  operates  to  sta¬ 
bilize  the  phase  of  a  8.1  GHz  signal  derived 
from  a  quartz  crystal  oscillator  operating  at 
100  MHz.  Ultra  low  phase  noise  (-80  dB/Hz 
at  1  Hz  offset)  is  projected  due  to  the  high 
resonator  Q  (3  10*  at  80  K).  Tin*  temper¬ 

ature  of  the  thermally  uncompensated  sap¬ 
phire  resonators  is  stabilized  by  RF  heating  to 
a  value  approximately  3  degrees  above  that  of 
a  liquid  nitrogen  bath.  Additionally,  we  have 
developed  and  analyzed  novel  oscillator  con¬ 
figurations  which  can  further  reduce  oscilla¬ 
tor  phase*  noise.  These  circuit  improvements 
promise  crystal  oscillator  type  performance* 
in  a  room  temperature  10  GHz  (X  band)  os¬ 
cillator  using  a  whispering  gallery  mode  sap¬ 
phire;  resonator  with  an  intrinsic  Q  of  2  •  lO0. 

Introduction 

Phase  noise  measurements  were  previously  reported 
for  an  8  GHz  (X  hand)  oscillator  stabilized  by 
a  room  temperature  sapphire  “whispering  gallery” 
mode  resonatorfl ,2].  Using  off- the- -shelf  compo¬ 
nents  and  operating  at  room  temperature,  these  tests 
showed  noise  of  23  dB/Hz  at  an  offset  frequency  of 
1  Hz.  a  value  lower  than  the  best  previously  reported 

•Tli#*  work  described  in  tbis  paper  was  carried  out  at  the 
Jet  Propulsion  Laboratory,  California  Institute  of  Technology, 
under  a  contract  with  the  National  Aeronautics  and  Space 
Administration. 
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for  a  non-cryogenic  X  band  oscillator[3  7]  On  the 
basis  of  the  results  of  t  hese  measurements  and  on  pre¬ 
vious  studies  of  sapphire  resonator  Q  improvement  at 
low  temperature,  we  have  designed  and  are  presently 
constructing  two  microwave  oscillator  systems  which 
are  designed  for  ultra- low  noise  with  sapphire  res¬ 
onators  cooled  by  liquid  nitrogen.  This  paper  con¬ 
tains  a  general  description  of  the  oscillator  systems 
ami  the  thermal  design  considerations  together  with 
design  details  and  analysis  for  the  microwave  aspects. 
New  microwave  circuitry  is  presented  which  promises 
further  reduction  in  noise  for  STAbilized  Local  Os¬ 
cillator  (STALO)  configurations  incorporating  both 
room-temperature  and  cooled  "whispering  gallery" 
sapphire  resonators 

The  dielectric  loss  in  sapphire  is  rapidly  reduced 
as  the  temperature  is  cooled  below  ambient,  showing 
an  approximate  T-5  dependence  on  the  absolute  op¬ 
erating  temperature  T  down  to  temperatures  as  low 
as  60  Kelvin [‘2.8 - 10] .  While  metallic  losses  limit  the 
achievable  Q  values  in  most  microwave  resonators, 
recently  developed  “whispering  gallery"  mode  sap¬ 
phire  resonators  isolate  the  resonant  microwave  en¬ 
ergy  to  the  sapphire  itself,  and  so  allow  the  inherent 
Q  value  of  the  sapphire  itself  to  he  realized[2,8-  12]. 
Q  values  at  8-10  GHz  (X  band)  of  2  105  have  been 
reported  at  room  temperature,  increasing  to  3  -  10' 
at  80  K 

Phase  noise  performance  for  RF  and  microwave 
cavity  and  [)RO  oscillators  at  small  offsets  (f  <  1000 
Hz)  is  determined  by  resonator  Q  and  by  the  1/f 
noise  level  in  the  active  device.  The  use  of  a  sta¬ 
bilized  local  oscillator  configuration  allows  a  passive 
mixer  to  t  ake  the  place  of  t  he  R  F  amplifier  or  t  ransis- 
tor  used  in  simpler  oscillator  configurations.  While 
somewhat  more  complicated  due  to  the  use  of  feed¬ 
back  at  baseband  (frequencies  nominally  zero)  rather 
than  at  RF,  th"  low  noise  of  the  mixer  («  —135 dB 
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Figure  1:  Cryogenic  components  for  the  two  sapphire 
resi malor  subsystems. 

at  lllz  offset  frequency)  equals  that  of  active  devices 
at  lower  frequencies  and  so  essentially  eliminates  the 
disadvantage  of  high  frequency  operational  ti].  To¬ 
gether  with  a  projected  loaded  Q  of  Qi  =  1  ..“>■  1(J‘  this 
mixer  performance  makes  possible  oscillator  perfor¬ 
mance  of  80  dB/Hz/f3  (Hz)-3  at  8  (illz.  This  per¬ 
formance  improves  by  20  30  dB  the  best  that  can  be 
attained  by  the  use  of  frequency  multiplied  crystal 
uuart z  oscillators. 

I  he  thermal  coefficient  of  frequency  of  the  sap¬ 
phire  resonators  has  also  been  studied,  showing  a 
value  of  5  10~r’  at  room  temperature  reducing  to 

3  I0-h  at  80  K [10]  This  very  substantial  temper¬ 
ature  dependence  reduces  their  applicability  in  this 
temperature  range  as  frequency  stabilizing  elements 
However,  application  as  a  phase  stabilizer  is  not 
adversely  effected  for  fluctuation  frequencies  above 
I  Hz,  where  the  thermal  mass  of  the  sapphire  res¬ 
onator  effectively  stabilizes  its  operating  frequency. 

further  improvement  on  the  phase  noise  perfor¬ 
mance  of  sapphire  oscillators,  both  at  room  and  cryo¬ 
genic  temperatures,  appears  possible  by  use  of  novel 
circuitry  We  have  developed  and  analyzed  oscillator 
configurations  which  reduce  the  effect  of semicouduc- 
«-r  l/f  Id.  ase  noise  sources  for  stabilized  local  osr  il- 


F'igure  2:  Sapphire  resonator  (a  cm  diameter)  in  cop¬ 
per  cont aimiig  can 


lator  circuits  By  appropriate  use  of  carrier  suppres¬ 
sion.  a  small  signal  is  generated  which  suffers  no  loss 
of  loop  phase  information  or  signal-to-noise  ratio. 

This  small  signal  can  be  amplified  without  degra¬ 
dation  by  multiplicative  amplifier  noise,  ami  can  be 
detected  without  saturation  of  the  detector.  These 
circuit  improvements  promise  crystal  oscillator  type 
performance  in  a  room  temperature  10  (illz  (X 
band)  oscillator  using  a  whispering  gallery  mode  sap¬ 
phire  resonator  with  an  intrinsic  Q  of  2  •  l(f.  and 
promise  dramatic  improvements  in  the  state  of  the 
art  with  cooled  resonators  and  higher  Q  s. 

Technical 

A  photograph  showing  cryogenic  components  for 
the  two  sapphire  resonator  subsystems  is  shown  in 
Figure  1.  The  dewars  are  commercial  units  with 
nominal  capacity  of  13.fi  liters  of  liquid  nitrogen  and 
a  hold  time  of  2  days.  The  stainless  steel  vacuum 
insert  and  bottom  plate  are  joined  by  a  demountable 
indium  seal.  The  resonator  assembly  is  cooled  by 
means  of  a  copper  heat  transfer  plate  which  extends 
through  the  bottom  plate  to  make  contact  directly 
with  the  liquid  nitrogen. 

A  sapphire  resonator  is  shown  in  its  copper  con¬ 
taining  can  in  Figure  2.  Dimensions  of  the  resonator 
and  can  are  approximately  the  same  as  previously 
reported  [2].  We  have  chosen  to  use  the  W(  111  ni.no 
mode  of  the  sapphire  wheel  resonator  which  has  a 
resonant  frequency  of  7.83  (lllz  at  room  tempera¬ 
ture  and  7.!)’>  ( Hlz  at  77  K  1  lining  to  the  8 TOO  ( 1  Hz 
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operating  frequency  will  he  accomplished  by  grinding 
the  flat  faces  of  the  resonators  to  raise  the  resonant 
frequency  as  needed.  As  previously  reported,  criti¬ 
cal  coupling  to  'he  WGHio.o.o  mode  was  obtained  at 
room  temperature  with  a  WR102  waveguide  port  di¬ 
rectly  through  the  center  of  the  barrel  of  the  contain¬ 
ing  can.  Since  such  a  coupling  port  would  be  greatly 
overcoupled  with  the  higher  cryogenic  resonator  Q. 
the  coupling  was  weakened  by  use  of  WR62  wave¬ 
guide  ports.  These  ports  are  operated  below  their 
cutoff  fr<  quency  in  order  to  weaken  the  coupling  ap¬ 
propriate  to  the  10'  operating  Q.  Dielectric  inserts 
in  the  ports  (not  shown)  are  used  to  fine-tune  the 
coupling. 


Thermal  Design 

Thermal  design  of  a  frequency  source  using  uncom¬ 
pensated  sapphire  resonators  is  complicated  by  the 
large  thermal  coefficient  of  frequency  and  by  the  very 
high  resonator  Q.  For  example,  for  an  operating  Q 
given  by  Q  —  10'  and  a  thermal  coefficient  of  frac¬ 
tional  frequency  variation  given  by  it,  =  3  10_6/K, 
a  temperature  variation  of  AT  =  (Qi-,)-1  =  .03  K  is 
sufficient  to  detune  the  resonator  by  one  bandwidth. 
More  specifically,  the  effective  thermal  conductance 
due  to  the  change  in  RF  heating  with  temperature, 
calculated  from  the  frequency  response  of  the  res¬ 
onator  itself,  has  a  maximum  value; 


I  ft  rj  |  ^  Kmar 


3\/3  PmQ,kt 

4 


(1) 


where  Pm  is  the  power  absorbed  by  the  resonator  at 
resonance  and  Qi  is  the  loaded  Q  of  the  resonator. 
The  conductance  A'r/  may  be  either  positive  or  neg¬ 
ative,  depending  on  which  side  of  the  resonance  the 
frequency  lies.  For  the  case  of  a  single  critically  cou¬ 
pled  port,  Pm  is  equal  to  the  applied  power  P0  and 
Qi  is  just  half  the  unloaded  resonator  Q  value  Qa. 
This  gives  a  value  for  the  maximum  conductivity  of 


3v^3  P0Q0kt 


(2) 


for  critical  coupling.  For  our  design  values  of  P„ 
=  0.010  Watts,  kt  =  3  10_6/Ke!vin  and  Q0  — 
3  •  10',  the  maximum  conductivity  given  by  Eq.  2 
is  0.585  Watt/Kelvin.  This  very  large  RF-induced 
conductivity  may  be  either  stabilizing  or  destabiliz¬ 
ing,  depending  on  whether  the  temperature  is  above 
or  below  the  nominal  value  at  which  the  resonant 
frequency  matches  that  of  the  local  oscillator.  A 
schematic  diagram  showing  thermal  aspects  of  the 


Figure  3:  Schematic  diagram  showing  thermal  as¬ 
pects  of  the  sapphire  resonator  and  its  mounting 
post. 


resonator  assembly  is  shown  in  Figure  3.  Thermal 
time  constants  may  be  calculated  for  various  parts 
of  the  resonator  assembly  from  their  heat  capaci¬ 
ties  and  thermal  conductivities.  Thermal  conduc¬ 
tivity  of  sapphire  has  been  measured  to  I:  *  approx¬ 
imately  8  W/cm/Kelvin  at  80  K,  and  we  calculate 
a  heat  capacity  of  0.0102  J/Kelvin/gram  based  on 
the  room  temperature  of  0.174  J/Kelvin/gram  and 
a  measured  Debye  temperature  for  sapphire  of  1047 
K[13].  Based  on  these  values,  heat  capacities  of  the 
“ring"  and  “disk"  parts  of  the  sapphire  wheel  shown 
in  Fig.  3  are  4.2  J/K  and  0.1  J/K,  respectively,  while 
their  characteristic  conductivities  are  approximately- 
given  by  70  W/K  and  14  W/K.  The  conductivity  of 
the  stainless  steel  mounting  post  is  only  0.01  W/K, 
as  determined  by  the  design  operating  temperature 
of  80  K  and  power  dissipation  of  30  mW.  From  these 
values  thermal  time  constants  can  be  calculated  as 
0.06  second  for  the  ring,  .3  second  for  the  entire  wheel 
anchored  at  the  center,  and  420  seconds  for  the  res¬ 
onator  as  cooled  by  the  mounting  post,  and  >  7  sec¬ 
onds  as  stabilized  by  the  RF  induced  conductivity- 
discussed  above. 

Operating  procedure  for  the  phase  stabilizer  will 
involve  heating  the  sapphire  to  a  temperature  above 
80  K  by  means  of  a  heater  at  its  center.  Lowering 
the  heater  power  will  then  allow  the  resonator  to  cool 
with  a  characteristic  time  constant  of  420  seconds, 
and  when  the  resonance  condition  is  reached  at  80  K, 
the  resonator  will  self-stabilize  with  a  time  constant 
of  >  7  seconds  by  RF  heating.  This  relatively  long 
time  constant  allows  undiminished  phase  stabilizer 
gain  for  offset  frequencies  /  >  1  Hz. 
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Figure  4:  Block  diagram  of  simple  oscillator  with 
direct  RF  feedback.  Output  phase  noise  is  derived 
from  amplifier  noise  together  with  phase  slope  of  res¬ 
onator.  Phase  is  adjusted  to  give  2mr  radians  around 
loop  at  center  of  sapphire  resonator  passband. 


Oscillator  Circuit  Design 

The  units  under  construction  are  designed  to  be 
used  in  a  frequency  feedback  configuration,  stabi¬ 
lizing  the  phase  of  a  frequency  multiplied  100  MHz 
crystal  quartz  VCO  with  a  high-pass  feedback  fil¬ 
ter.  The  quartz  oscillator  allows  a  relatively  high  (10 
kHz)  modulation  rate  which  makes  possible  50  dB 
of  loop  gain  in  a  frequency  feedback  configuration 
at  an  offset  frequency  greater  than  100  Hz.  Phase 
feedback  configurations  are  also  being  studied.  The 
containing  can  for  the  sapphire  resonator  has  been 
redesigned  for  reduced  RF  coupling  appropriate  for 
higher  (cooled)  sapphire  Q. 

Figures  4  and  5  show  conventional  microwave 
self-excited  oscillator  and  STALO  configurations  to¬ 
gether  with  an  identification  of  the  in-oscillator  and 
oscillator  output  noise  spectral  densities.  In  the 
self-excited  oscillator  shown  in  Figure  4,  the  oscilla¬ 
tion  condition  requires  that  the  phase  shift  around 
the  complete  feedback  loop  comprising  the  amplifier, 
resonator,  and  interconnections  be  a  multiple  of  2 n. 
With  this  condition  satisfied,  any  phase  fluctuation 
in  the  microwave  amplifier  must  be  accompanied  by 
an  opposite  shift  of  equal  magnitude  in  the  resonator. 
For  slow  phase  fluctuations  (/  <?[  v/Q),  the  charac¬ 
teristic  phase  slope  of  the  resonator  d<j>/dv  =  2 Qjv 
implies  a  corresponding  slow  fluctuation  in  the  fre¬ 
quency  of  the  oscillator.  Here  /  represents  the  fluc¬ 
tuation  frequency,  v  the  microwave  frequency,  Q  the 
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Figure  5:  Block  diagram  of  stabilized  local  oscillator 
(STALO)  with  double-balanced  mixer  type  phase  de¬ 
tector.  Mixer  noise  plays  the  same  role  as  amplifier 
noise  in  Figure  4.  Phase  is  adjusted  to  give  1  and  r 
signals  in  quadrature. 


quality  factor  of  the  resonator  and  <f>  the  phase  of  the 
microwave  signal.  In  this  way,  a  power  spectral  den¬ 
sity  of  phase  fluctuations  for  the  amplifier  S<f,(f)\amp 
results  in  oscillator  output  frequency  noise 

c  ,  nl  _  $*(/)!  amp  ,o> 

dyW  )\out  —  (2Q)~ 

or  the  mathematically  equivalent  output  phase  fluc¬ 
tuations 

^  -GO’w*-  (4) 

where  y  =  bv/v  is  the  fractional  frequency  deviation. 

Figure  2  shows  the  schematic  diagram  for  a 
STALO  in  which  the  frequency  variations  of  a  noisy 
microwave  source  are  cancelled  by  a  feedback  loop 
that  detects  the  consequent  phase  shifts  across  a 
high-Q  resonator  to  generate  a  frequency  correction 
voltage.  The  phase  from  the  reference  loop  is  ad¬ 
justed  to  produce  the  proper  sign  of  the  correction 
voltage  and  attain  maximum  sensit  ivity  by  operating 
in  the  high  slope  region  of  the  mixer  output  vs.  ref¬ 
erence  phase  relation.  In  the  limit  of  large  loop  gain, 
stable  equilibrium  requires  that  the  phases  at  the  two 
input  ports  of  the  mixer  be  in  quadrature  (mixer  out¬ 
put  =  zero).  A  significant  advantage  of  the  STALO 
is  that  the  properties  of  the  feedback  loop  are  partic¬ 
ularly  easy  to  control  since  the  signal  is  mixed  down 
to  baseband  (near  zero  frequency).  This  allows  the 
use  of  active  filters  with  narrow  bandwidths  and  so¬ 
phisticated  response  shapes  which  are  not  possible  at 
microwave  frequencies.  A  second  advantage  is  that 
the  1  //  noise  for  X-band  mixers  (- 1 35dB/f  per  Hz 
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at  10  GHz)  [4]  is  better  than  that  which  is  available 
from  the  best  amplifiers  (-110  to  -120  dB/f)  [3-7]. 
The  analysis  from  the  self-excited  oscillator  can  be 
adapted  to  the  STALO  by  noting  that  the  only  differ¬ 
ence  is  that  the  phase  detection  and  correction  has 
been  moved  from  the  resonator  in  Figure  4  to  the 
mixer-amplifier-oscillator  combination  in  Figure  5. 
The  phase  noise  of  the  RF  amplifier  of  Figure  4  is 
replaced  by  that  of  a  mixer.  Consequently,  the  out¬ 
put  phase  fluctuations  are  described  by 


As  a  consequence,  the  performance  of  a  direct 
feedback  oscillator  with  an  amplifier  having  1  // 
noise  of  -120  dB/Hz  at  1  Hz  (S^(f) |amp  = 
10 ~12//  radians2/Hz)  is 

10- 12  i/2 

“  (2Q)2  p 

while  a  STALO  using  a  mixer  with  S,p(f)\miz  = 
10-13  5/ /  radians2/Hz  will  be  15  dB  quieter.  These 
device  noise  levels  represent  the  quietest  components 
presently  available,  giving  a  clear  advantage  to  the 
STALO  configuration. 

STALO  Configurations  for  Reduced 
Noise 

Two  new  STALO  configurations  are  discussed  in  this 
section  that  reduce  the  effect  of  mixer  noise  by  in¬ 
creasing  its  sensitivity  by  the  use  of  a  suppressed- 
carrier  signal.  Of  these  two,  the  first  achieves  in¬ 
creased  sensitivity  without  added  noise  by  use  of 
a  low  level  RF  amplifier.  In  the  second  configura¬ 
tion,  increased  sensitivity  is  achieved  by  operating 
the  high  Q  resonator  at  higher  power  than  would 
otherwise  be  possible  due  to  mixer  power  limitations. 
The  second  configuration  is  similar  to  a  method  used 
by  Walls  [4]. 

The  STALO  shown  in  Figure  6  forms  the  basis  for 
the  new  designs.  It  differs  in  implementation  from 
Figure  5  in  that  the  signal  from  the  cavity  to  the 
mixer  is  not  taken  from  a  second  coupling  port  but 
is  instead  taken  from  the  signal  reflected  from  the 
input  port.  A  circulator  separates  this  signal  from 
the  forward  driving  signal.  At  critical  coupling  and 
on  resonance  the  returned  signal  is  identically  zero. 
However,  it  is  the  superposition  of  two  equal  signals, 
one  of  which  emanates  from  the  cavity  and  a  second, 


Output 


Figure  6:  STALO  configuration  with  one-port  res¬ 
onator  operation  but  functionally  identical  to  that 
shown  in  Figure  5.  Signal  returned  from  resonator 
is  superposition  of  resonator  signal  and  (constant) 
reflected  signal. 

Phase 


Figure  7:  STALO  configuration  with  phase  feedback 
and  one-port  resonator  operation. 

reflected,  signal  which  is  derived  from  the  driving  sig¬ 
nal,  with  a  constant  phase  shift.  This  reflected  sig¬ 
nal  does  not  significantly  affect  the  operation  of  the 
mixer  at  resonance  since  it  is  in  quadrature  with  the 
signal  at  the  other  mixer  port.  Thus  the  two  STA- 
LOs  will  have  approximately  identical  performance. 
While  the  amplitude  goes  through  zero  on  resonance, 
a  phase  reversal  takes  place  in  which  the  in-phase  sig¬ 
nal  on  one  side  becomes  out-of-phase  on  the  other, 
allowing  a  linear  dependence  of  mixer  output  volt¬ 
age  on  the  frequency  error,  as  required  for  effective 
feedback.  Instead  of  viewing  the  mixer  as  a  phase 
detector,  it  is  seen  as  projecting  the  component  of 
the  signal  at  the  “r”  input  onto  the  phase  of  that  at 
the  “I”  input. 

Figure  7  shows  a  STALO  configuration  with  phase 
feedback  instead  of  the  frequency  feedback  shown 
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Figure  8:  STALO  configuration  for  reduced  phase 
noise.  Critical  coupling  to  resonator  and  operation 
very  near  t/„  allow  insensitivity  to  phase  noise  of  am¬ 
plifier.  Amplifier  gain  allows  reduction  of  phase  de¬ 
tector  noise. 
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in  Fig.  6.  While  requiring  a  somewhat  different 
loop  gain  character,  the  two  configurations  are  al¬ 
most  functionally  identical.  Phase  feedback  has  the 
advantage  of  speed  over  frequency  feedback,  allowing 
a  higher  loop  gain  bandwidth.  Disadvantages  include 
the  need  for  extra  components  and  a  maximum  phase 
limit  that  can  be  compensated. 

STALO  Design  using  RF  Amplification 

Figure  8  shows  further  modification  of  the  STALO 
which  can  result  in  improved  performance.  Here  the 
small,  nominally  zero,  signal  returned  from  the  res¬ 
onator  is  amplified  before  it  enters  the  mixer.  Two 
effects  of  this  addition  are  easy  to  understand.  The 
loop  gain  will  be  increased  by  the  added  gain,  an  ef¬ 
fect  which  m  be  compensated  for  in  the  design  of 
the  base-band  amplifier.  Secondly,  the  gain  of  the 
amplifier  will  increase  the  sensitivity  of  the  mixer 
output  to  phase  error  in  the  resonator  without  sig¬ 
nificantly  affecting  mixer  noise.  Thus  the  effective 
mixer  phase  noise  is  reduced  by  the  amount  of  am¬ 
plifier  gain.  This  can  be  a  very  substantial  improve¬ 
ment. 

The  third  effect  of  this  modification  is  a  little  more 
complicated.  Since  amplifiers  are  somewhat  more 
noisy  than  mixers  (-120  dB  vs  -135  dB  at  1  Hz  off¬ 
set  as  previously  discussed)  a  crucial  point  is  the 
proper  analysis  of  the  contribution  of  amplifier  noise. 
The  kind  of  noise  under  discussion  is  not  additive 
noise,  which  would  be  independent  of  any  large  sig¬ 
nal  also  present,  but  instead  is  multiplicative  noise, 
which  transforms  a  large  signal  by  slightly  modify¬ 


Figure  9:  (a)  Phasor  diagram  showing  effect  of  fre¬ 
quency  error  on  RF  resonator  signal  with  and  with¬ 
out  carrier  suppression.  Also  shown  are  (constant) 
carrier  suppression  signal  and  mixer  reference  sig¬ 
nal.  Component  of  resonator  signal  in  phase  with 
reference  is  unchanged  by  20  dB  carrier  suppression, 
(b)  Phasor  diagram  showing  effect  of  amplifier  phase 
noise  on  resonator  signal.  Reduction  of  carrier  by 
20  dB  results  in  similar  reduction  in  signal  error  in 
phase  with  the  mixer  reference.  (Horizontal  scale  for 
a)  and  b)  both  greatly  enhanced.) 

ing  its  amplitude  and  phase.  (Additive  noise  in  good 
amplifiers  is  insignificant  except  at  offset  frequencies 
/  >«  10kHz  where  the  1//  multiplicative  noise  is 
relatively  small.)  Figure  9(a)  shows  in  phasor  form 
the  cavity  signals  with  and  without  carrier  suppres¬ 
sion  corresponding  to  the  oscillators  shown  in  Fig¬ 
ures  6  and  5,  respectively.  The  added  signal  due  to 
small  frequency  variation  in  the  L  O.  are  also  shown. 
These  added  signals  are  detected  by  the  mixer  in 
order  to  allow  feedback  circuitry  to  cancel  the  fre¬ 
quency  variations.  The  effect  of  multiplicative  phase 
noise  in  the  amplifier  for  the  two  cases  is  shown  in 
Figure  9(b).  It  is  clear  from  the  figure  that  this  noise 
source  generates  signals  which  are  indistinguishable 
from  those  caused  by  actual  frequency  variations  and 
which  are  due  only  to  the  presence  of  the  coherent 
carrier.  Thus  a  reduction  in  amplifier  noise  is  ef¬ 
fected  which  is  proportional  to  the  degree  of  carrier 
suppression  of  the  microwave  signal  at  its  input. 

Oscillator  phase  noise  is  thus  determined  by  a 
combination  of  mixer  noise  (reduced  by  amplifier 
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gain)  and  amplifier  noise  (reduced  by  the  degree  of 
carrier  suppression).  For  example,  if  mixer  noise 
of  —  135dB///Hz  were  reduced  by  25  dB  of  am¬ 
plifier  gain  to  —  160dB///Hz,  and  amplifier  noise 
of  —  120dB///Hz  were  reduced  by  40  dB  of  car¬ 
rier  suppression  to  the  same  value,  the  combined 
noise  of  —  157dB///Hz  would  determine  oscillator 
performance.  For  a  loaded  Q  of  10,000  (intrinsic 
Q  =  20,000)  this  would  allow  an  oscillator  phase 
noise  of  5<1(/)|0,c  =  -43dB//3/Hz,  a  value  supe¬ 
rior  to  any  room  temperature  microwave  oscillator 
to  date.  For  room  temperature  and  thermoelectri- 
cally  cooled  sapphire  resonators  with  Q’s  of  105  and 
106,  performance  would  be  superior  to  that  of  any 
available  source  at  S^(/)|0Jc  =  — 63dB//3/Hz  and 
— 83dB//3/Hz,  respectively. 

STALO  Design  with  High  Power  Resonator 
Operation 

In  this  configuration,  enhanced  sensitivity  in  the 
phase  detector  is  achieved  by  means  of  (relatively) 
high  power  in  the  high  Q  resonator.  It  has  the  ad¬ 
vantage  of  simplicity  and  absence  of  any  amplifier  to 
introduce  added  phase  noise  if  carrier  suppression  is 
incomplete.  A  disadvantage  is  that  power  limitations 
in  the  microwave  source  or  high  Q  resonator  restrict 
the  available  improvement  factor. 

As  previously  discussed  and  as  shown  in  Figure 
9(a),  suppression  of  the  carrier  at  the  r  port  of  the 
mixer  in  Figure  6  has  only  incidental  consequence 
regarding  mixer  sensitivity,  since  the  suppressed  part 
of  the  signal  is  in  quadrature  with  the  reference  signal 
at  the  1  port.  (The  part  of  the  signal  due  to  frequency 
variations,  ±6,  is  in  phase  with  the  reference  and  so  is 
detected  in  any  case.)  However,  things  are  not  quite 
identical  to  the  conventional  STALO  sV<.wn  in  Figure 
5.  Suppression  of  the  carrier  at  the  i  port  allows 
the  power  to  the  high  Q  resonator  to  be  increased 
without  saturating  the  mixer.  This  increased  power 
results  in  an  enhanced  sensitivity  of  the  mixer  output 
voltage  to  frequency  variations,  ±<5. 

Figure  10  describes  such  a  circumstance.  Besides 
the  increased  power  levels  in  oscillator  and  resonator, 
the  only  difference  from  Figure  6  is  an  appropriately 
weaker  coupling  to  the  mixer’s  1  port.  Mixers  typ¬ 
ically  saturate  at  signal  levels  on  the  order  of  20 
milliwatts,  while  frequency  sources  and  resonators 
can  operate  at  power  levels  up  to  one  Watt  or  even 
higher.  The  resultant  increase  in  sensitivity  of  Up 
to  17dB  reduces  the  consequence  of  mixer  noise  by 
the  same  factor.  For  a  mixer  with  flicker  noise  of 


Figure  10:  Configuration  to  allow  increased  power 
into  the  high  Q  resonator  without  saturating  the 
mixer.  The  resultant  increase  in  sensitivity  of  up 
to  17  dB  reduces  the  consequence  of  mixer  noise  by 
the  same  factor. 

—  135dB/Hz  at  1  Hz  offset,  the  effective  noise  could 
be  reduced  to  a  value  of  — 152dB/Hz. 

Performance  Aspects 

Typical  low-noise  10  GHz  (X-band)  oscillators  use 
a  single  transistor  for  excitation,  while  a  more  elab¬ 
orate  STALO  configuration  is  used  for  the  lowest 
possible  phase  noise.  With  the  development  of  sap¬ 
phire  “whispering  gallery”  mode  resonators  with  Q’s 
above  105  to  10'  at  10  GHz  (X-band),  the  possibili¬ 
ties  have  been  raised  considerably.  Where  lower  fre¬ 
quency  SAW  or  BAW  quartz  crystal  oscillators  previ¬ 
ously  had  far  lower  noise  than  their  higher  frequency 
counterparts,  they  are  now  rivalled  by  an  X-band  os¬ 
cillator  using  the  sapphire  resonator.  Together  with 
improved  oscillator  circuits,  this  resonator  may  make 
possible  close-in  phase  noise  lower  than  that  of  any 
non-cryogenic  frequency  source.  Furthermore,  cool¬ 
ing  by  means  of  thermoelectric  coolers  or  liquid  ni¬ 
trogen  may  make  practical  frequency  sources  with 
greatly  reduced  phase  noise. 

New  design  configurations  for  stabilized  local  os¬ 
cillators  presented  here  allow  reduced  phase  noise  in 
comparison  to  conventional  configurations.  By  ap¬ 
propriate  use  of  carrier  suppression,  a  small  signal  is 
generated  which  suffers  no  loss  of  loop  phase  informa¬ 
tion  or  signal-to-noise  ratio.  This  small  signal  can 
be  amplified  without  degradation  by  multiplicative 
amplifier  noise,  and  can  be  detected  without  satura¬ 
tion  of  the  detector. 

Figure  II  shows  phase  noise  calculations  for 
conventional  and  improved  sapphire  “whispering 


583 


/  (dbc/Hz) 


Figure  11:  Phase  noise  calculations  for  sapphire 
“whispering  gallery”  mode  STALO  sources  shown 
in  Figures  8  and  6.  Noise  plots  for  various  con¬ 
ventional  10  GHz  (X-band)  frequency  sources  are 
also  shown.  The  multiplied  5  MHz  crystal  oscillator 
presently  represents  the  best  performance  available 
at  10  GHz  (X-band). 

gallery”  mode  STALO  configurations  as  shown  in 
Figures  6  and  8.  Intrinsic  quality  factors  Q,  are  as¬ 
sumed  to  be  Qi  =  2  105  at  room  temperature,  and 
cryogenic  Q’s  of  Q,  =  2  106  at  170  K  and  Q,  =  3 TO7 
at  77  K.  Conventional  STALO  performance  is  based 
on  mixer  phase  noise  of  -135db/Hz  at  1  Hz,  and  im¬ 
proved  values  assume  20  dB  amplifier  gain  with  35 
dB  of  carrier  suppression.  Noise  plots  for  various 
conventional  10  GHz  (X-band)  frequency  sources  are 
also  shown. 
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Abstract 

This  paper  describes  oscillation  frequency  char 
acleristics  in  a  CMOS  oscillating  circuit  using  a  coupling 
quartz  crystal  resonator,  particularly,  a  miniaturized  GT 
rut  quartz  crystal  resonator  consisting  of  the  cibtational 
portion  and  the  supporting  portions,  formed  by  an  etching 
method.  An  object  of  this  paper  is  to  clarify  a  relation 
ship  of  its  resonator's  frequency  temperature  behavior 
versus  load  capacitance  CL.  In  analysis  procedure,  first, 
since  a  CMOS  inverter  which  is  used  in  constructing  an 
oscillating  circuit  can  be  linearly  expressed  by  utilizing 
an  electric  current  source  and  drain  conductance  in  a 
small  signal,  the  oscillating  circuit  is  shown  by  an 
electrical  equivalent  circuit. 

Next,  by  applying  Kirchhoff's  law  to  each  loop 
of  the  equivalent  circuit,  an  amplitude  continuation  con 
dition  and  an  oscillation  condition  are.  theoretically, 
derived,  and  then,  a  coupling  between  both  vibrations  of  a 
coupling  quartz  crystal  resonator  can  be  regarded  as  a 
capacitance  coupling,  when  expressed  by  an  electrical 
equivalent  circuit.  From  the  equivalent  circuit  of  the  cou 
pling  quartz  crystal  resonator. an  imaginary  part  is.  there 
fore,  easily  calculated.  As  a  result,  a  frequency  equa¬ 
tion  which  is  given  as  a  function  of  load  capacitance  CL. 
is  readily  derived  from  the  oscillation  condition  and  the 
imaginary  part  of  the  coupling  resonator,  so  that,  by  choos 
ing  very  suitably  CL.  it  is  shown  that  frequency  deviation 
in  this  CMOS  oscillating  circuit  using  the  present  resona¬ 
tor  is  less  than  1  ppm  over  a  wide  temperature  range  of 
-30C  to  +  70’C  without  any  temperature  compensation. 

§1  Introduction 

A  quartz  crystal  oscillator  which  is  used  in  com¬ 
munication  equipment  and  consumer  products  as  a  frequency 
standard,  is  excellent  in  frequency  temperature  character¬ 
istics  and  simultaneously,  a  further  miniaturized  oscilla¬ 
tor  with  low  consumption  power  is  keenly  required.  However, 
because  the  conventional  high  precision  oscillator  needs 
temperature  compensation  by  thermister  and  so  on,  as  things 
are.  the  electric  current  consumption  is  large  and  its 
miniaturization  is  very  difficult.  A  new  oscillating  cir¬ 
cuit  has  been,  therefore,  required. 

As  an  oscillating  circuit  satisfying  these  re¬ 
quirements.  a  CMOS  oscillating  circuit  using  a  GT  cut 
quartz  crystal  resonator  [l]-[3]  with  the  supporting  por¬ 
tions  at  both  ends,  formed  by  an  etching  method  is  optimum, 
because  its  resonator  is  of  comparatively  low  frequency  of 


1  to  -t  MHz,  miniatuiized  and  shows  the  most  excellent  fie 
quency  temperature  characteristics  of  all  quartz  crystal 
resonators,  namely,  temperature  compensation  by  theimistei 
and  so  on  is  unnecessary. 

However,  amplitude  continuation  chaiacter istics 
and  oscillation  frequency  ones  of  the  CMOS  oscillating 
circuit  using  a  coupling  quaitz  crystal  resonator  are  not. 
theoretically,  clarified  at  all.  An  object  of  this  paper 
is.  therefore,  to  clarify  these  characteristics. 

Next,  in  analysis  procedure,  first,  since  a  CMOS 
inverter  can  tie  linearly  expressed  by  using  a  electric 
current  source  and  drain  conductance.  »n  ="»p!  i  t':J°  eortin 
uation  condition  and  an  oscillation  condition  of  the  cii 
cuit  arc.  theoretically,  derived  from  this  expression  and 
Kirchhoff’s  low.  Moreover,  a  coupling  between  both  vibra 
tions  of  a  coupling  quaitz  crystal  resonator  can  be  re 
garded  as  capacitance  coupling  [5j  [tij  in  an  electrical 
equivalent  circuit  and  the  resonator  is  given  as  a  summa 
lion  of  a  real  part  and  an  imaginary  part.  Accordingly,  a 
frequency  equat ion  to  give  resonant  frequency  is  easily 
calculated  from  the  imaginary  part  and  the  osci I lat ion 
condition.  In  still  more  detail,  the  resonant  frequency  is 
given  as  a  function  of  coupling  factor  Km  and  load  capaci 
tancp  CL  which  is  shown  by  gate  capacitance  Cg  and  drain 
capacitance  Cd  including  stray  capacitance. 

Therefore,  a  change  of  the  resonant  frequency  ver 
sus  CL  values  and  the  first,  second  and  third  order  fre 
quency  temperature  coefficients  by  differentiating  the 
resonant  frequency  with  temperature  are  calculated  respec 
tively.  These  results  are  then  compared  with  the  measured 
data.  As  a  result,  it  is  shown  that,  by  a  selection  of  the 
optimum  CL  value,  the  CMOS  oscillating  circuit  with  fre 
quency  deviation  less  than  1  ppm  over  a  wide  temperature 
range  of  -30T  to  +70'C.  namely  extremely  stable  versus 
temperature,  is  substantially  obtained.  Let  us  describe 
concretely  below. 

§2  Analysis  Procedure 

2, 1  Construction  of  CMOS  quartz  crystal 

osci 1 lat i ng  c j rculi 

Figure  1  shows  a  construction  diagiam(a)  of  a 
CMOS  quartz  crystal  oscillating  circuit  and  its  electrical 
circuit(b).  The  circuit (a)  comprises  a  CMOS  inverter,  drain 
capacitance  Cd. gate  capacitance  Cg.  feedback  resistance  Rf. 
output  resistance  Rd,  source  voltage  Vdd  and  a  cmmling 
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Fig. 1  Construction  of  CMOS  quartz  crystal 

oscillating  circuit  a-  and  its  electrical  (b) 

equivalent  circuit  < b ' 


quartz  crystal  resonator.  Since  the  CMOS  inverter  can  be 
linearly  expressed  by  employing  an  electric  current  source 
GO  and  drain  conductance  gd(7  I/rd)  in  a  small  signal[4], 
the  rircnitfa)  can  he  equivalent  Iv  expressed  hv  the  cir 
cuit  (b).  Where  an  electric  current  in  of  the  electric 
current  source  is  given  as  in  gmvg  by  utilizing  mutual 
conductance  gm  and  between  gate-source  voltage  vg.  when 
electric  currents  ii.iz.i*  which  flow  in  each  loop,  are 
taken.  In  addition,  a  coupling  quartz  crystal  resonator  is 
electrically  expressed  by  a  summation  of  real  part  Re i ( re 
sistance  part  i  1.2.  i -1  :pr incipal  vibration,  i  =2:subvibra- 
tion)  and  imaginary  part  Xe(reactance  part).  Accordingly, 
the  oscillation  condition  and  the  amplitude  continuation 
condition  are  calculated  from  the  circuit  (b). 


are,  respectively. given  as  the  following  relations: 


Xe  '  (Xg‘Xd) 

XdXg 

Kei  Xd 

rdtRd 

Rei  y 
Rf  * 

Rf  (rd  ( Rd) 

(3) 

Xd  Reifrd  *  Rd)  rd  ‘  Rd 

fi  +  + 

Xg  XgXd  Rf 

Xg  Rei 

Xd  Rf 

(4) 

Furthermore,  when  angular  frequency 

m  is  taken. 

the  signs 

Xg  and  Xd  are  given  as  Xg  •  -  1  orCg 

and  Xd  1 

oiCd.  and 

substituting  these  relations  into 

equal ions(3) 

and  M), 

no reover.  taking  account  of  Rf  Rei.  the  osrillation  con 
fition  and  the  amplitude  continuation  condition  are  sim 
a  1  i  f  i erl  as  fnl  lows: 


2.2  Derivatives  of  oscillation  frequency 


(Osci 1 lation  condition) 


In  the  circuit  of  Fig.  Kb),  from  Kirchhoff' s  sec¬ 
ond  low  by  taking  electric  currents  ii.  iv.  it.  in  flowing 
in  each  loop,  the  following  relations  are  obtained: 

(rd / Rd  -  jXd)i,  jXd  i,  f  uvg  0  j 

jXdi,  t  (Rei  +jXe + jXg  >  jXd)i,  jXgi,  0  |  (!) 

JXgii  +(Rf+ jXg)ij  =  0  j 


Where  the  sign  u  shows  an  amplification  factor,  which  is 
given  as  z/^gmrd.  Since  the  electric  currents  i ■ .  i2.  K 
are  not  zero,  in  order  to  obtain  a  nontrivial  solution  in 
equation  (1).  the  following  relation  is  given  as.  namely, 
taking  the  relation  of  vg~ jXgfij  -  ia)  into  account. 


rd  t  Rd  f  jXd  j(uXg-Xd)  -  juXg 


jXd  Rei  *  j(Xe  tXg  >Xd) 


JXg 


Xe-~  ■  , 
6)  Cl 


Where 


/  / 

a  eg 

/ 

Cg 

/ 

(o’  CgCdrd 


Ri 

Rf  (u  1  gtRd) 
/ 


(S) 


Cd 

/ 

Cd 

Ri 

u 


a  ■  fe‘  ) 

rd‘Rd 

a  J  add 

(  Rl  :  Negative  resistance) 


(Amplitude  continuation  condition) 

%  i  (o'  CgCdReifrd  t Rd)  t  ^ ^ 
Cd  Rf  Cg 


(6) 


0  -JXg 


RfijXg 


(2) 


Therefore,  as  equation^)  is  expressed  by  a  summation  of 
the  imaginary  part  and  the  real  part,  calculating  Xe  from 
the  imaginary  part  and  u  from  the  real  part,  the  oscil¬ 
lation  condition  and  the  amplitude  continuation  condition 


Therefore,  by  calculating  reactance  Xe  of  the  quartz  crys 
tal  resonator,  the  oscillation  frequency  can  be  derived 
frome  quat ion(5).  On  the  other  hand,  the  amplification  fac 
tor  u  giving  the  amplitude  continuation  condition  and 
negative  resistance  -  Rl  of  CMOS  1C  must  be  designed  so  as 
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to  satisfy  the  relations  of  equat ions (7)  and  (8). 

U?Ua  l/u  '  £T :  Feedback  factor  (7) 
a"  I  f,  I  >Rei  (S) 

Next,  let  us  calculate  the  reactance  Xe  and  the  resistance 
Kei  of  a  coupling  quartz  crystal  resonator. 

Figure  2  shows  the  electrical  equivalent  circuit 
(a)  [51,  L6l  of  a  coupling  quartz  crystal  resonator  in  the 
iase  of  capacitance  coupling  and  its  impedance  sign  ex 
pression(b).  Each  sign  shows  piinripa!  vibrat ion(LM,  Cu, 
Hi,).  subvibration<L*2.  (.'»».  R**).  coupl  ing  capacitance  Cm 
and  shunt  capacitance  Co.  In  addition,  providing  assump 
tion  that  electric  currents  it  and  is  flow  in  each  branch 
of  the  principal  vibration  and  the  subvibration  when 
voltage  Vi  between  the  terminals  A  and  B  is  applied. 
Furthermore,  in  Fig.2  (b),  the  signs  Z,.Zi  represent  im 
pedance  of  mechanical  resonance  and  shunt  capacitance  Cu. 
Accordingly,  the  impedance  Z  between  the  terminals  A.  B 
is  given  as 

Z,  i  Z, 

First  of  all.  let  us  calculate  Zi.  In  Fig.2  (a),  from  the 
electric  currents  it.  is  flowing  in  each  branch  of  (he 
principal  vibration  arid  the  subvibration,  the  following 
relation  i s  obtained' 

Ri  7j(a/L,  -  '  )  i,  j  i,  Vi  ) 

Q)C,  <oCu 


/  .  it  7  Ri  > 
atCu 


otCi 


Ri  i  Ri,  Rit  Rif  in -l>,  it t  ~Li 

II  1  /  /  / 

+  —  -  / - 

Ci  Ci  i  Cu  Ci  Cu  Cu 

Accordingly,  by  calculating  it  and  ir,  from  equat ion(lO). 
and  taking  account  of  Z  i r:  Vi/(i  i +  U)  the  impedance  Zt 
between  the  terminals  A,  B  is  given  as 

f  B,  f-j<6iL, - )  1  [  B,  *  jiaL, - )  1  e  ( - ) 

L  -I  L  J 


B,  tji'niL, 


-)  t  B,  -t  j(a)l,  - 


Simi larly.  Z2  is  given  as 

7,  =  j  -  (12) 

a>Co 

In  addition,  since  vibration  losses  of  a  quartz  crystal 
resonator  are  very  small,  taking  account  of  R i  R2  0  approx¬ 
imately,  the  imaginary  port  Xe  of  the  impedance  Z  in 
equation  (9)  is  given  as 


a 

D  ( - 1) 


Where  <o,  ’  ~  / XLiCi 
a>,  2jrf, 


Ct  Ci  to1 

i  +  —  )  + —  (■ - re¬ 
ar  Co  6),’ 


<  i  =  ]  .  2) 


Co 

-  jc.Tj 

C 

i - - 

r.t 

R  zz 

Fig.2  Electrical  equivalent  circuit  of 

coupling  quartz  crystal  resonator  ra) 
and  its  impedance  expression  (b>. 

Quite  similarly,  the  real  part  is  given  as  follows: 


Rei  *Ri  (1+  -  )  ’ 

a 


!  I  =  1  .  2  > 


Therefore,  the  oscillation  frequency  can  be  easily  derived 
from  the  obtained  equat i ons (5) and ( 1 3),  so  that  it  is  given 
by  the  following  equat i on v 1 5). 

Equa t i on ( 15)  gives  two  osc illation  frequencies, 
namely,  the  oscillation  frequency  f«  of  the  principal  vi¬ 
bration  for  plus  sign  and  the  oscillation  frequency  f  of 
the  subvibration  for  minus  sign. 

[  ft  ’’ >±  J ft/'  h''  )’  *  /*'/,  ft,’ ] 

oX— 

n  !+a  h 

fi'’=(x  '  3  -  )  ft’ 

ri  /  +  a  h 


Ks’=Ku’(l  +  — - -  )' 

I  7  a  h 


a  -  Co/CL  /#  Co/Ct  i 
b  =Ou/CL  Ci  =Co/Ch 


Ri 

Rf  (u  +euRd) 
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Tab  I  f1  I  Electrical  equivalent  circuit  parameters  of  the 
new  shape  CT  cut  quartz  crystal  resonators 
used  in  the  present  experiments. 


No. 

Frequency 

Ri, 

L,. 

C|.  2 

C„ 

— 

1 1.  i 

y 

(Mlz) 

(ohm) 

(mil) 

(IF) 

(pF) 

..  _ 

<xlO') 

Ft  in. 

3  0995 

r>t.  3 

970 

5.93 

2.45 

431 

235 

Sub. 

1.8975 

G30 

2m 

2.G3 

a  45 

9-19 

50 

) 

I’rin. 

2.  l(XX) 

59.  1 

ion 

5.G8 

a  13 

447 

■ 

226 

Sub. 

1.  89:17 

2G20 

2910 

2.42 

2. 43 

1023 

13 

Prin. 

2.0995 

Gl.G 

975 

5.90 

a  46 

435 

209 

Sub. 

1.  8958 

304 

2710 

a  57 

a  lo 

975 

90 

§3  Results  and  Discussion 

Fitst  of  all.  a  relationship  of  variational  ratio 
for  coupling  factor  Km  versus  load  capacitance  CL  is  shown 
in  the  present  (IT  cut  quartz  crystal  resonator  with  roup  I 
ins  capacitance  Cm.  since  the  GT  cut  resonator  which  is 
used  in  the  experiments  of  this  paper  has  the  phase  dif 
ference  of  180'  between  the  principal  vibration  and  the 
subvihrat ion,  the  coupling  factor  Km  is  shown  to  become 
large  with  the  increase  of  CL. 

Next,  frequency  deviation  of  the  principal  v i bra 
lion  is  shown  when  the  gate  capacitance  Cg  and  the  drain 
capacitance  Cd  vary  in  the  CMOS  quartz  crystal  oscillating 
rircuit,  namely,  versus  load  capacitance  Cl¬ 
in  addition,  the  first,  second  and  third  order 
temperature  coefficients  a,  .  /? ,  ,  7  *  for  the  principal 
vibration  and  simultaneously,  the  first  order  temperature 
coefficient  a  for  the  subvibration  versus  the  change  of 
load  capacitance  CL  are  also  shown. 

Finally,  the  frequency  temperature  characteristics 
of  the  principal  vibration  and  the  subvibration  are  shown 
when  CL  is  taken  as  a  parameter.  Let  us  describe  concrete¬ 
ly  below. 

Table  1  shows  the  resonant  frequency  and  the 
electrical  equivalent  circuit  parameters  of  the  principal 
vibration  and  the  subvibration  for  three  new  shape  GT 
cut  quartz  crystal  resonators  used  in  the  experiments.  As 
is  apparent  from  Table/,  the  three  resonators  show  the  very 
satisfactory  values  as  a  resonator.  Furthermore,  capaci¬ 
tance  ratio  r,  is  defined  as  n  =C0/C, ,  ( i  =  1. 2),  here  it  is, 
therefore,  calculated  from  C , ,  which  is  obtained  from  cou 
pling  capacitance  Cm  calculated  by  employing  the  coupling 
factor  (See  Appendix)  derived  from  the  frequency  tempera¬ 
ture  character  ist  ics. 

3.  I  Coupling  factor  and  resonant  frequency 

Figure  3  shows  the  relationship  of  variational 
latio  /IKm  KmC.'Jm  Ks  Km)  of  coupling  factor  Km  versus 
load  capacitance  CL.  Since  the  present  GT  cut  quartz  crys 
tal  resonator  has  a  coupling  factor  of  about  three  percent 
f 5 1,  it  has  coupling  capacitance  Cm  of  about  -0.136pF 


Load  Capacitance  Cl  (pF) 

Fig.3  Relationship  between  variational  ratio  .‘  Km  Km 
of  coupling  factor  Km  and  load  capacitance  CL. 
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when  resonant  frequency  of  the  principal  vibration  is 
2.1MHz.  In  addition,  the  coupling  rapacitance  Cm  has  a  neg 
alive  value,  because  in  this  GT  cut  resonator,  the  clectri 
cal  coupling  by  the  transformation  ratio  has  a  decreasing 
polarization  to  the  elastic  internal  coupl ing,  namely,  there 
exists  the  phase  difference  of  180°  between  the  principal 
vibration  and  the  subvibration.  Therefore,  as  zl,Km  Km  ver¬ 
sus  CL  is  shown  in  Fig.3  when  CL  =  °,J  is  taken  as  a  stand 
aid,  /.,Km/Km  becomes  small  accoiding  to  decrease  of  CL. 
in  other  words,  as  the  coupling  factor  Ks  (  Km  at  CL  =  ™) 
becomes  small,  the  coupling  between  the  principal  v i bra 
tion  and  the  subvibration  is  found  to  get  weak. 

Figure  4  shows  frequency  deviation  Af*/f.  of  the 
principal  vibration  with  changeing  load  capacitance  CL. 
when  the  GT  cut  resonator  of  sample  No.  I  is  used  with 
shunt  capacitance  Co  =2. 45pF,  motional  capacitance  Cm'-- 
5.68fF(Capacitance  ratio  it  431).  coupl  ing  capacitance  Cm~ 
-0.  !367pF,  coupling  factor  Km=2.89°o  and  resonant  fre 
quency  f  =  2. 1MHz  of  the  principal  vibration,  namely,  when 
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the  dram  capacitance  Cd  and  the  gate  capacitance  Cg  is 
changed  simultaneously,  and  Cg  Cd  is  taken  approximately 
in  the  CMOS  u  a  1 1  /  crystal  oscillating  circuit  with  h  0 
approximately  from  characteristics  and  construct  ion  of  the 
CMOS  inverter.  According  as  Cl.  becomes  small,  resonant 
frequency  becomes  high,  the  smaller  CL  becomes,  the  larger 
the  inclination  becomes. 

3,2  Frequency  temperature  coefficients 

Figure  5  shows  the  first  order  temperature  coef 
ficirnt  a.  with  the  change  in  load  capacitance  CL  when 
the  resonator  of  sample  No.  1  is  employed  with  the  first, 
second  and  third  order  temperature  coefficients  a.  2.03 
>  10  "  ,3.  1.97-  10  V2.  7  .  -  7.01  >10  "  C 

at  no  load  capacitance.  The  circles  aie  the  measured  va! 
ues  and  the  solid  line  is  the  theoretical  result  calculat 
ed  by  utilizing  km  and  Cm  derived  from  the  experimental 
values  of  Cl.  F>.  GlpFia.  -  3.  3  >10  7  O  and  15.  -lpF<«. 

3.  1  ■  !()  *  C). Where  the  calculated  values  of  the  first 
order  temperature  coefficients  of  Km  and  uncoupled  pi  in 
cipal  vibration  were  used  in  the  calculation.  Accordingly, 
it  is  natural  that  the  calculated  values  agree  very  well 
with  the  measured  ones  at  CL  53.  61  pF  and  15.  IpF.  llowevei. 
a  small  difference  between  the  calculated  and  measuted 
results  takes  place  at  CL  10.  85pF  (Measured  value:  «. 

1.87-  10  *  (.'  .  Calculated  value:  a.  9.31-  10  "  O 
and  20. 2pF<Measured  value:  a.  7.93  -  10  a  C.  Calculated 
value:  a.  5.19-  10  "  C).  This  is  probably  because  the 
theoretical  values  of  the  fiist  order  temperature  coeffi 
eients  of  km  and  uncoupled  principal  vibration  used. slight 
ly  diffei  from  the  measured  values.  Rut.  the  error  is  ex 
tr  finely  small  with  a  change  in  the  Older  of  10  *.  In  addi 
tion.  as  CL  gets  small,  a.  also  becomes  small,  this  is  be 
cause  there  exists  the  phase  difference  of  180’  between 
the  principal  vibration  and  the  subvibration,  so  that  cou 
pling  factor  km  becomes  small.  Simultaneously,  as  is  obvi 
ous  fiom  Fig. 5j.  the  variation  quantity  of  cr .  becomes  mark 
edly  large  as  Cl.  gets  small,  it  is.  however,  understood  that 
its  variation  quantity  becomes  extremely  small  with  the 
rhangr  of  the  order  of  10  *  at  the  value  of  Cl.  larger  than 
10.  85pF.  From  this  result,  in  order  to  decrease  CL  depend 
ence  versus  a.  .  CL  value  is  also  found  to  be  large. 

Figure  6  shows  the  first  order  temperature  coef 
ficient  a.  of  the  principal  vibration  with  the  change  of 
load  capacitance  CL  when  the  resonator  of  sample  No.  3  is 
utilized  with  the  coupling  factor  km  ‘  2.  8S°o,  a*  -  -2.02 
■10  "  T  at  CL-'-*.  As  well  as  shown  in  Fig.  5.  as  CL  be¬ 
comes  small,  a*  has  a  further  negative  value  and  its  vari¬ 
ation  quantity  gets  markedly  large  as  CL  value  gets  small. 
In  rase  of  the  present  resonator,  the  first  order  tempera 
ture  coefficient  a-  of  the  principal  vibration  varies 
from  7.  19 ' 10  *  C  to  15. 6x  10" Vt.  namely,  at  the 

order  of  10"*  even  if  the  CL  varies  from  19. 6pF  to  9.  1  pF. 

while  a.  has  a  value  of  -2.89*10  7  X  and  show:  the 

marked  variation,  according  as  the  CL  becomes  a  further 
small  value  such  as  5.  9pF.  Thus,  it  is  also  understood  from 
this  resonator  that  the  smaller  the  CL  value  becomes,  the 
larger  the  change  of  a  ►  becomes. 

Figure  7  shows  the  relationship  between  the  first 
order  temperature  coefficient  a.  of  the  subvibration  and 
load  capacitance  CL  when  the  resonator  of  sample  No. 3  is 
employed,  a  -  of  the  subvibration  has  a  value  of  -34. 3x 


I  - Calculated 

i  h  -©—  Measured 


Load  Capacitance  Cl  (pf> 

tig.")  Relationship  between  the  first  order  I vmpvra l urv- 
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and  luad  capacitance  (I.  Sample  So.  1 


Load  Capacitance  Cl  (pf) 

Fig .6  Relationship  between  the  first  order  temperature 
coefficient  a  of  principal  vibration 
and  load  raparitanrp  CL.  Sample  So  • 


Load  Capacitance  Cl  (pf> 

Fig.7  Relationship  between  the  first  order  temperature 
coefficient  a  of  subvibral ion 
3nd  load  capacitance  CL.  Sample  No.  3 
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ID  "  (.'  mid  its  absolute  value  shows  a  very  large  value, 
when  CL  is  infinite.  Theiefoie.  as  shown  in  Fig.  7.  its 
variation  quantity  is  so  small  that  it  ran  be  ignored  due 
to  the  change  of  the  older  of  10  even  if  the  CL  value 
varies  from  10.  GpF  to  5.  OpF. 

Figme  8  shows  the  second  older  temperature  roef 
lirient  ,3.  of  the  piincipal  vibration  with  the  change  in 
load  capacitance  Cl.  when  the  resonator  of  sample  No.  I  is 

employed.  ,3  .  varies  at  the  older  of  10  when  the  Cl. 

value  varies  from  5.  (ilppl  p  ■  1.  Hi  •  10  111  C‘)  to  20.  2pF 

{,3,  2. :J5  <  10  1,1  VeK  while  it  varies  at  the  ordei  of 

less  than  10  11  when  the  Cl.  changes  from  10.85pF(,S. 

2.11  ■  10  1,1  I’d  to  20.  2pF.  Since  its  variation  quantity 
is  extremely  small.  ,3 .  versus  the  Cl.  value  can  be  regarded 
as  the  constant  value. 

Figure  !)  shows  the  relationship  between  the  third 
order  temperature  coefficient  7-  of  the  principal  v i lira 
t i on  and  load  capacitance  CL  when  the  resonator  of  sample 
No.  1  is  used,  liven  if  the  Cl.  value  changes  from  5.  01pF<  7  • 
:i.  II  •  10  "  C)  to  20. 2pF  (  7  .  7/7-10  "  C").  7  • 

varies  at  the  order  of  10  '-'(the  ordei  of  less  than  10  11 
to  changing  from  IO.H5pl;f  7.  0.09'  10  11  Vito  20.2pF). 

its  variation  quantity  is  extremely  small  as  well  as  that 
of  ,5.  .  therefore.  7.  versus  Cl.  can  he  also  regarded  as 
the  constant  value.  Fiom  these  lesults,  the  frequency 
temperature  chararlei ist ics  versus  the  CL  value  have  only 
to  consider  the  first  order  temperature  coefficient  a  ■  . 

3. d  Frequency  temperature  characteristics 

Figure  10  shows  one  example  of  firquericy  teinpei 
aturc  characteristics  of  the  principal  v ibi at  ion  when  Cd 
and  Cg  are  changed  in  a  CMOS  oscillating  circuit  compris 
ing  the  resonator  of  sample  No.  I.  namely,  when  the  load 
capacitance  Cl.  is  taken  as  a  parameter.  Ns  is  apparent 
from  Fig. 10.  the  frequency  temperature  characteristics  air 
foumd  to  vary  by  the  CL  value.  In  part irular. as  it  becomes 
small,  the  first  order  temperature  coefficient  has  a  fur 
thei  negative  value  because  the  coupling  factor  remarkably 
varies  and  gets  smaller.  Therefore,  in  order  to  lower  fir 
quenev  deviation  versus  the  CL  value  in  frequency  tempera 
line  characteristics,  the  osci  I  lat  ing  circuit  must  be  so 
designed  that  it  becomes  as  large  as  posible.  On  the  other 
hand,  since  the  frequency  temperature  character  ist ics  vary 
by  the  Cl.  value.it  is  substantially  possible  to  take  rr . 
to  teach  zero  by  selection  of  the  optimum  CL  value.  For 
example,  for  the  present  resonator,  because  rr .  0  approx 

iinately  at  CL  17.  IpF.  frequency  deviation  has  a  value  of 
0.  7ppm  over  a  wide  temperature  range  of  MO’C  to  *  70  C. 
as  shown  in  Fig.  10,  thus,  a  quartz  crystal  oscillating 
circuit  with  very  excellent  frequency  temperature  char 
acter i st ics  has  been  obtained.  From  these  results,  arbi 
trary  frequency  temperature  characteristics  can,  therefore, 
obtained  by  selection  of  the  Cl.  value,  meeting  required 
spec i  f  icat  ions. 

Figure  11  shows  another  frequency  temperature 
characterist irs  of  the  principal  vibration  in  a  CMOS  os 
dilating  circuit  comprising  the  resonator  of  sample  No.2 
with  the  coupling  factor  Km  2. 92%  and  the  coupling  ca 
pacitance  Cm  0. 1 269pp.  when  the  load  capacitance  CL  is 
also  taken  as  a  parameter.  This  resonator  has  a  compara 
tively  large  series  resistance  R2  of  the  subvibration.  As 
is  similar  to  the  example  shown  in  Fig.  10.  according  as  the 
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•  (n’ff  h  ii-uls  df  i<r  1  it<- 1 |/a I  v  1  tn a t  r >/n  In  l.iail 
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load  rapaci  tanre  Cl.  has  a  smallii  value  of  Cl.  10.21.  H.  87 
and  8.  I2p!'.  the  fits!  order  temperature  coefficient  ir  .  lias 
a  value  of  a.  3.01  -  10  "  C  <  ,5  .  1.  15  10  7  . 

3.27-10"  CM).  0t5  •  10  ’  1.11  -  1(1 

7  •  5.  10  -  10  "  (")  and  I.  50  10  "  < '  ( ,3  .  I.  08  • 

H)  C'.  7.  8.03-  It)  "  c  'j.and  it  is  leadily  appre 

bended  that  «.  shifts  to  the  further  negative  value.  In 
addition,  in  rase  of  employing  the  present  resonator,  be 
cause  <r .  0  approximately  at  CL  8. 87pF.  as  shown  In 

Fig.  11,  il  has  a  value  of  0.  55ppm  in  frequency  deviation 
over  a  wide  temperatur  e  range  of  30  C  to  •  70'C.  thus, 
the  quartz  crystal  oscillator  with  very  good  frequency 
temperature  characteristics  has  hern  obtained  as  well  as 
the  result  of  Fig.  10. 

Figure  12  shows  another  frequency  temperature 
characteristics  of  the  principal  vibration  when  load  ca 
pacitance  CL  in  a  CMOS  oscillating  circuit  comprising  the 
resonator  of  aaiiipii  No../  is  taken  as  a  parameter.  As  is 
the  samr  as  Fig.  10.  the  frequency  temperatme  charactcris 
tics  are  found  to  vary  markedly  by  the  CL  value.  Since 
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(uidd)  -J/-JV  (wdd)  *  J  /*  j  V 


f  I ; ■  f  i v  t liare  trnsl  os 

nf  in  i in  i i<:i  1  i  ilir.it  i"ii.  ulii’ii 
Im.iiI  i  ap.v  i  linin'  M  is  liken  iis  ii  par. in.’ I "r 
Sami'  I  S"  i 


tiK.lt  I  r  *  i  ii  *  'in  v  li'roiii’nliiri'  character ist ics 
»f  nrini  iii.il  I  ilir.it  inn.  wln'ii 
I  ii.tI  i  sitMi’i  tain  1 1  is  tnk.'ii  is  a  pa  ram.' I  it 
Samp  1 1’  So. 

this  iiS'iiiiitm  f i<>m  till’  hrginnitig  lias  a  negative  value  of 
<r  .  1.  02  ■  It)  *  C  at  Cl.  -.  it  is  actually  impossible 

to  take  <r .  0  liy  llio  Cl.  value.  That  is.  m  order  to  oh 

tain  <r .  0  hy  the  Cl.  value,  it  goes  without  say i that 

<r  .  must  have  a  positive  value  at  Cl.  ■.  However,  the 
I'li', mt  i esonatoi  shows  good  ( t eipieney  tempeialure  rhatar 
tii  i  st  ics  hi  rause  it  lias  a  very  small  value  of  1.5ppm  in 
1 1  f'tui  ti<  y  deviation  over  a  wide  temperature  range  of  HOC 
t"  •  70  (  .  Therefore,  the  irsonalor  shows  very  good  fie 
•|tif  ri r s  ti  miieratiire  char  actcr  ist  ies  as  Cl.  has  a  latge  value. 

F'igii te  ID  shows  the  frequency  temperature  rhar 
ai let  ist ies  of  the  suhviluat  ion  when  the  load  raparilanre 
Cl  in  a  CMOS  oscillating  eirruit  comprising  the  tesonafoi 
o f  sample  No.it  is  taken  as  a  parameter  As  deserihed  in 
Fig.  7.  rr  >if  the  suliv  i  lit  at  ion  has  a  very  large  value  of 
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t  ik.  1 1  t  ri’nii.’ii'  i  1  empei a t ur '•  .  tiara-  I er  i  st  ies 

ef  sutu  jliral  ion.  when  loail  eapaciUnce  (  I 
is  Uknn  as  a  parameter  Sami* I >■  No.  1 

itl.  t-  10  “  (.'  in  absolute  value  as  compared  with  the  value 
of  rr .  .  in  addition,  as  shown  in  Fig.  I  t.  ir  ran  hi’  to 
Raided  as  the  constant  value  h\  the  LI.  value,  hrcausi  the 
cliange  of  <r  vetsus  the  i  liatiRe  ol  the  Cl.  value  is  veiy 
small  at  the  nrdei  of  10  ;. 

.f/  Conclusions 

In  this  papet  a  study  tias  heen  petfotmrd  with  a 
view  to  rlatifving  the  osci  I  lat  inti  f t  I'lpirneY  cliataclct  is 
tics  tu  a  CMOS  quail?  riysta!  oscillating  circuit  compiis 
ittg  a  coupling  <|uait7  crystal  resonator,  especially,  a  (IT 
cut  quatt7  riystal  tesonalor  fotmed  hy  an  etching  mr t hod. 

First,  in  analysis  piorcdnre.  sinre  a  CMOS  mveit 
rr  can  he  I  inrat  lv  hy  an  rledtic  ruirent  source  and  dtain 
conductance,  anelectrical  ciuivalrnl  riicuit  of  the  CMOS 
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(|ii:'i  t?  n  v  s  t  a  1  oscillating  riiruit  comprising  tin1  coupling 
t /  rrvslal  resonator  lias  been  shown.  In  addition,  an 
oscillation  condition  and  an  amp  I  i  t  tide  continuation  condi 
t ion  have  been,  theoi et ieal  ly.  derived  from  Kirchhoff  s 
second  low. 

Next,  the  resonant  frequencies  have  been  derived 
from  the  oscillation  condition  obtained  previously  and  the 
imaginary  part  of  the  (IT  cut  quartz  crystal  resonator 
which  is  one  of  coupling  quartz  crystal  resonators.  Be 
sides,  since  this  (IT  cut  quartz  crystal  resonator  can  he 
tegarded  as  a  resonatoi  wherein  the  electrical  coupling  by 
the  1 rans format  ion  ratio  and  the  elastic  internal  coupling 
coexist,  and  still  more,  the  electrical  coupling  becomes  a 
decreasing  polarization  to  the  elastic  internal  coupling, 
the  coupling  capacitance  Cm  has  a  negatin'  value.  There 
fore. it  has  been  shown  that  the  coupling  factor  gets  small 
with  the  decrease  of  load  capacitance  CL.  Simultaneously, 
it  has  been,  theoretically  and  experimentally,  clarified 
that,  of  frequency  temperature  coefficients,  particularly, 
the  first  order'  temperature  coefficient  a .  of  the  prinei 
pal  vibration  remarkably  varies  by  the  CL  value  and 
shilts  to  a  further  negative  value,  because  the  coupling 
factor  gels  small  according  to  decrease  of  the  CL  value. 
In  other  words,  the  smaller  the  CL  value  becomes,  the  larger 
the  change  in  the  frequency  temperature  characteristics  of 
the  principal  vibration  to  the  CL  value  becomes.  From  this 
result. a  quartz  crystal  oscillating  circuit  with  very  good 
frequency  stability  wherein  the  frequency  deviation  is 
less  than  I  ppm  over  a  wide  temperature  range  of  BOX'  to 
t  TO  t '  without  any  trmprratuie  compensation,  has  been  oh 
tained  by  employing  the  present  resonator.  Thus,  the  good 
fiequrnry  temperature  characteristics  have  been  obtained 
by  selection  of  the  optimum  CL  value. 

On  the  othei  hand.it  has  been  also  clarified  that 
the  CL  value  must  be  large  so  as  to  lower  the  dependence 
of  frequency  temperature  characteristics  by  the  CL  value. 
However,  in  order  to  adjust  frequency  of  the  principal 
vibration  to  the  nominal  frequency  by  the  Cl.  value  in  the 
CMOS  quartz  crystal  osci Haling  circuit  and  obtain  the 
riiruit  with  very  good  frequency  temperature  characteris 
tics,  it  lias  been,  therefore,  understood  that  it  is  of  great 
importance  to  grasp  fully  the  relationship  between  fre¬ 
quency  deviation  of  the  principal  vibration  of  the  resona¬ 
tor  which  is  manufactured  and  its  frequency  temperature 
characteristics.  For  the  coming  subject,  we  would  like  to 
study  a  method  for  adjusting  the  frequency  shifted  by  CL 
value  to  the  nominal  frequency  accurately. 
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Appendix 

Derivatives  of  coupling  factor  Km 


The  coupling  factor  Km  of  a  GT  cut  quartz  crystal  res 
onatoi  can  be  calculated  from  the  experiments  of  the  fie 
quency  temperature  characteristics.  Let  us  describe  its 
derivatives  method  concretely  below.  The  first  order  tern 
perature  coefficients  «.  and  or  of  the  principal  vitrra 
tion  and  the  subvibration  from  equation (15)  are  given  as 


,'f.'  *(f'"  ff/f’”  f;>” 


Where 


p1-  (f,’’  f/ )’*  4Ks’f,,r,‘ 


(I) 


p- 


2  ( f f/1 


•  •  m 

+  4Ks’f,  ‘f,  ’(—  +  t  y)  /P 

Ks  f,  f,  - 

•  ;  d/dT ,  T :  Tapenture 

In  addition,  the  following  relation  is  obtained  from  equa 

t  i  on ( 15) : 


f,’’  >  f.’’  f.'  >  f  ’ 

( 1  -elbVfi’*  f/  f.’f  ’ 


Where 


£  =  //  (1  + 


r,  /  v  a 


-)(/  + - 

h  ft  I  -f  a  -  h 


Ul) 


Therefore,  from  the  data  of  Table  1.  it  is  approximately 
expressed  as  t  —\.  Furthermore,  as  the  t  hardly  influ 
ences  the  frequency  temperature  characteristics  .of  the 
principal  vibration  and  the  subvibration  and  as  f a /  1 1  -- 
f 2/  f2  theoretically  from  the  rut  angles  of  the  GT  plate, 
the  coupling  factor  Km  f rom  equat ions  (1)  and  (II)  is 
calculated  as  follows: 

na  (l  a.  f,/f,)  1/2 

na+b  (I  f,r’)(  a,  f,/f,)  1  ! 

/  f.yda/Ka) 

(B) 

Where  fur  f  / f . 

Equat.iondJI)  is  given  as  unknown  factors  of  Km.  b.  fi  fi 
and  Km  Km,  accordingly,.  Km  and  b.are  calculated  by  employ 
ing  the  CL  value,  and  fi/fi  and  Km/Km  derived  theoretical 
ly. 
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ABSTRACT 

A  new  B.V.A.  quartz  resonator  (sometimes 

said  "tactical  B.V.A."  resonator)  has  been 

developed  for  use  in  severe  environments.  More 

than  one  hundred  units  have  been  produced  and 

tested  in  France  and  in  the  U.S.  The  resonator 
rd  _ 

is  a  10  MHz,  3  overtone,  SC  cut  crystal.  The 

unit  fits  into  an  ordinary  HC  40  can  w  i  t  hou  t 

pinch-off.  ^Typical  Humberts  are  :  R^  =  95  fl,  Q 

*  1^35  '0  •  9  maximum  sensivity  less  than 

10  /g,  turn  over  point  85°  C  .  Pressure 

variation  sensitivity  :  5  10  /bar. 

The  resonator  design  is  rapidly  discussed 
and  described.  Results  of  various  tests  and 
experimental  data  on  this  resonator  are  given 
and  discussed. 

A  re w  type  of  quartz  osci  1 1  ators  that  have 
excellent  performances  has  been  studied  and 
developed  to  take  advantage  of  this  resonator 
for  use  in  severe  en  v  i  rortmen  ts .  Oscillators  of 
this  design  usually  demonstrate  drift  rates  of 
less  than  10  /day.  |^pical  o  (t  )  at  10 
seconds  is  5  to  7  10  and  spectral  purity 

usually  obtained  is  115  dB  at  1  Hz  and  160  dB 
at  1000  Hz  from  the  carrier.  Power  consumption 
is  10  W  during  warm  up  time  and  2.5  W  in 
ordinary  conditions. 

Several  results  have  been  obtained 
indicating  that  oscillator  performance  is  still 
dominated  by  the  quartz  resonator. 

The  oscillators  are  designed  to  survive 
shocks  and  vibrations.  They  use  high 
reliability  components  which  may  be  surface 
mounted  components.  The  oscillating  loop  has  a 
single  transistor  and  the  resonator  has  a 
capacitive  load.  A  true  A.G.C.  is  used  and  the 
output  amplifier  has  at  least  a  90  d3  isolation. 
The  oven  is  basically  made  of  a  metallic  box 
with  the  heating  transistor  onto  it.  Thermistors 
are  used  as  sensors  and  the  oven  control  is 
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proportionnal  .  Then  oven  insulation  may,  in 
addition,  use  a  titanium  dewar.  The  oscillators 
are  rather  compact  (less  than  250  cm  )  and 
may  use  hermetically  sealed  external  enclosures 
to  get  rid  of  hygrometry  variations  influence. 

INTRODUCTION 

This  paper  presents  results  on 
development  of  a  precision  oscillator  utilizing 
the  miniature  10  MHz  BVA  resonator.  Roughly 
125  of^those  resonators  have  been  built  (85  SC 
cut  3  overtone  and  40  AT  cut  3  overtone) 

and  tested  to  date  whereas  4  test  oscillators 
have  been  built  and  tested. 

I  -  MINIATURE  10  MHz  BVA  RESONATOR 

A  new  BVA  miniature  resonator  has  been 
developed.  The  unit  fits  into  the  ordinary  HC 
40  can  without  pinch-off.  A  B.V.A.^  ordinary 
design  (1)  is  used,  however  the  supporting 
structure  makes  use  of  a  new  system  which 

brings  in  symmetry,  low  pressure  sensitivity 
and  a  good  compromise  between  shock  and 
acceleration  sensitivities.  In  fact,  the  resonator 
is  symmetrically  clamped  inside  a  grooved  steel 
cylinder  (2)(3).  The  resonators  are  carefully 

prepared  from  swept  premum  Q  material 

(usually  S.I.C.N.  or  SAWYER)  and  the  final 
operations  (last  cleaning,  bake  out  and 
coldweld)  are  done  in  the  same  vacuum.  The 
units  are  coldw^lded  und^r  a  residual  pressure 
between  3  x  10  and  10  mbar. 

1-1/  Resonator  technical  characteristics  : 

Nominal  frequency  :  9.999  983  Hz 

Frequency  tolerance  at  T.O.P.  :  -  10  Hz  + 

6  HZ 

rd 

Cut  :  doubly  rotated  SC  cut  :  3 

overtone 
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Enclosure  :  ordinary  HC  40/U  (for 
instance  Houston  electronics)  without 
pi  nch-off . 

Serie  capacitance  :  30  p.-  (nominal) 

T.O.P.  :  85°  C  (-  5°  C  +8°  C) 

Aging  (^fter  5  days)  :  better  than 

4  x  10  /day 

Q  factor  :  1.35  10  (typical),  ^  =  95  II 

(typical)  _1Q 

G  maximum  sentitivity  :  less  than  10  /g 
Externa^  pressure  sensitivity  : 

5  x  10  /bar  (typical). 

1-2/  Results  of  various  tests  and  experimental 
data  on  the  resonators 

85  5.C.  cut  resonators  have  been  built 

among  which  roughly  20  have  been  tested  in 
ONERA  (France)  and  15  in  the  US  in  various 
cooperative  programs.  The  other  resonators  have 
been  tested  in  our  facility  at  E.N.S.M.M.  The 
tests  included  all  the  parameters  previously 
quoted.  The  g  sensitivity  has  been  determined 
by  several  method  (2  g  tip  over,  slow  rotation, 
centrifuge  rotating  machine  and  of  course 
dynamic  sideband  technique).  The  pressure 
variation  sensitivity  was  done  from  atmospheric 
pressure  to  vacuum  and  the  reverse  eliminating 
coexistent  temperature  changes. 

G  s^rjisi  t  i  v  i  ty  of  resonators  ragged  between 
1  x  10  /g  and  2.7  x  10  /g.  ^The  9 
maximum  sensitivity  |  Tmax  |  was  5  x  10  /g  or 
better  in  20%  of  cases^  The  average  value  of 
|  Tmax  |  was  9x10  /g  and  80]Q%  of  the 

production  was  better  than  1.5  x  10  /g. 

The  mean  v^|ue  of  pressure  variation 
sensitivity  is  5  10  /bar. 

The  aging  has  been  tested  in  20 
oscillators  in  various  programs.  In  70  %  of 

casp^  the  aging  rate  was  better  than  2  x 
10  /day ,  in  40%  of  cases  it  was  less  than 
10  /day. 

II  -  SHORT  DESCRIPTION  OF  THE  OSCILLATORS 

An  important  effort  has  been  made  to 
match  the  resonator's  parameters  and  the 
oscillator  design  so  as  to  take  advantage  of 
the  advances  offered  by  the  tactical  B.V.A. 
resonator. 


v. 


Fig.  1  :  Block  diagram. 


The  total  oscillator  is  represented  on 
block  diagram  of  rig.  1.  The  oscillating  loop 
uses  a  single  very  low  noise  transistor 

previously  "noise  selected".  A  C .E  .conf  i  gurat  ion 
is  used  for  the  amplifier  together  with  »  phase 
shifting  transformer.  A  selecting  resonant 
circuit  with  a  Q  factor  approximately  of  30  is 
used  to  select  the  C  mode  frequency  when 
oscillations  are  started.  It  may  be 

automatically  short  circuited  by  use  of  A.G.C. 
signal  when  oscillations  are  established  so  that 
the  amplifier  is  more  aperiodic.  The  quartz 
Xtal  is  connected  to  ground  through  a  small 
pure  capacitive  impedance.  As  a  consequence, 
the  oscillator  frequency  is  not  exactly  the  Xtal 
resonant  frequency.  A  true  A.G.C.  is  used 
which  involves  an  r.E.T.  and  allows  oscillation 
levels  on  the  Xtal  between  40  »W  and  180  u  W 
(to  be  adjusted  for  minimum  phase  noise  and/or 
aging  rate).  A  single  stage  (eventually  two 
stages)  buffer  followed  by  a  cascode  output 
amplifier  yields  at  least  a  90  dB  isolation.  A 
frequency  control  cell  with  a  varicap  diod^ 
allows  frequency  adjustements  in  the  2  x  10 
range. 

The  oven  is  basically  made  of  a  copper 
block  in  which  the  Xtal  is  carefully  inbedded. 
The  heating  transistor  directly  sits  onto  the 
copper  block  close  to  Xtal.  The  oven  control  is 
proportionnal  and  uses  a  thermistor  (Betacurve 
10  K  or  100  K  type).  Oven  temperature  is 
adjusted  between  75°  C  and  95°  C  by  means  of 
two  resistors.  Recently  another  resistor 
somewhat  sensing  external  temperature 

variations  has  been  added  (4)  but  experimental 
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results  with  this  design  have  not  been  obtained 
yet.  Of  importance  is  the  fact  that  all  the 
components  (oscillating  loop,  buffer  and  output 
amplifiers,  oven  control,  ....)  are  temperature 
controlled.  The  oven  insulation  may,  in 
addition,  use  a  titanium  dewar  and  the 
cylindrical  symmetry  of  the  resonator  has  been 
kept  as  far  as  possible.  Special  care  is 
devoted  to  prevention  of  heat  flow  through 
connecting  wires.  Hermetically  sealed  external 
shells  are  used  to  get  rid  of  hygromtery 
variations  influence  (5). 

Of  course,  the  oscillator  circuits  have 
first  been  carefully  studied  by  computer  aided 
design  (with  p-spice  program).  Special  care 
has  been  devoted  to  temperature  influence  on 
oscillating  loop  and  A.G.C.  The  resonator  and 
the  external  shell  of  oscillator  have  been 
studied  by  finite  element  calculation  for  heat 
transfer. 

Ill  -  PERFORMANCES  OF  THE  OSCILLATORS 

Four  test  oscillators  have  been  built  after 
first  debugging  of  the  circuits.  The  oscillators 
have  been  tested  for  allan  variance  and  phase 
noise.  One  oscillator  has  been  tested  for 
temperature  variation  influence  and  two 
oscillators  have  been  checked  for  aging. 


«5(f) 


rig.  3  shows  the  phase  noise  result  of 
oscillator  TBVA^  .  This  result  is  consistent  with 

<J  (  t  )  observed  on  Fig.  2.  Fig.  4  shows  the 
y 

phase  noise  observed  with  the  best  oscillator 

TBVA,  .  In  this  domain  the  oscillator 

4 

performance  seems  still  dominated  by  the  quartz 
resonator  (especially  at  1  Hz  from  the  carrier). 


o8i  n 


Fig.  4  :  Phase  noise  of  4  oscillator. 


Fig.  2  :  ALLAN  variance  of  oscillators. 


rig. 

osci I  lators. 
integration 


2  shows  the  Allan  variance  of 
Best  results  are  obtained  at  10^  s 
time  and  the  average  is  8  x  10 


Fig.  5  and  Fig.  6  show  aging  result 
performed  during  five  weeks  after  starting  the 
units.  It  can  be  seen  that  the  aging  rate 
establishes  after  days  and  is  consistent  with 
aging  rates  already  observed  in  previous 
programs.  However  relative  contribution  to  the 
aging  by  the  quartz  itself  and  the  other 
components  has  not  been  determined  yet. 
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CONCLUSION 


_9 

Relative  offset  (unit  10  ) 


Time  (Days) 


Fig.  5  :  Aging  data. 


-9 

Relative  offset  (Unit  10  ) 


Time  (Days) 


Fig.  6  :  Aging  data 


Temperature  influence  depends  on  the  type 

of  oven  used.  It  has  been  found  lower  than 
-10 

10  for  an  external  temperature  variation 

between  -  30  rC  and  +  70  CC  with  a  unit  which 

used  a  titanium  dewar. 

The  size  of  the  oscillator  is  240  cm^  i.e., 
8.5  cm  in  height  and  6  cm  in  diamter.  The  unit 
consumes  2.3  W  at  20'C. 


A  new  type  of  oscillator  has  been 
developed  for  the  tactical  BVA  10  MHz  miniature 
resonator.  ,-irst  results  seem  encouraging  but 
many  more  experiments  have  to  be  performed 
especially  dealing  with  vibration  env  i  ronment  s 
and  external  pressure  changes.  However  a  10 
MHz  oscillator  with  aging  in  the  10  /day 

ranfte,  o  (t  )  at  10  second  in  the  order  of  7 
10  ,  spectral  purity  of  115  dB  at  1  Hz 

tog^Jher  with  a  g  sensitivity  better  than 
10  /g  worst  axis,  seems  to  day  feasible  on 
regular  scale. 

ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  Dr  r.L. 
WALLS  for  several  fruitful  discussions. 

REFERENCES 

(1)  R .  J.  BESSON,  "A  new  electrodeless 
resonator  design”,  31st  Annual  Frequency 
Control  Symposium  (A.F.C.S.),  proceedings 
pp  147-152,  1977,  and  US  patent  4.135.108 
( 1-16-1979) . 

(2)  R.J.  BESSON  and  al,  French  patent  8509097 
and  US  patent  4.705.982  (11  10-1987). 

(3)  R.J.  BESSON  and  al  ,  French  patent  8814197 
(10-28-1988),  US  Patent  and  other  patents 
pending. 

(4)  F.L.  WALLS,  "Analysis  of  high 

performance  compensated  thermal 

enclosures”,  41st  AFCS,  proceedings  pp 
439-443,  (1987). 

(5)  F.L.  WALLS,  "The  influence  of  pressure 
and  humidity  on  the  medium  and 
long-term  frequency  stability  of  quartz 
oscillators",  42nd  AFCS,  pp  279-283, 
(1988). 


596 


FORTY- FOURTH  ANNUAL  SYMPOSIUM  OM  FREQUENCY  CONTROL 


FACTORS  INFLUENCING  STABILITY  IN  THE 
MICROCOMPUTER-COMPENSATED  CRYSTAL  OSCILLATOR 


Albert  Benjaminson 


General  Technical  Services,  Inc. 
105  Clermont  Avenue 
Alexandria,  Virginia  22304 


INTRODUCTION 

The  stability  of  an  MCXO  using  a  Direct 
Digital  Synthesizer  combined  with  phase- 
locked  loop  summing  is  discussed  in  de¬ 
tail.  The  characteristics  of  each  subsys¬ 
tem  of  the  MCXO  are  analyzed  and  their 
impact  on  the  stability  of  the  output 
frequency  is  discussed.  Test  results  in 
support  of  the  analyses  e  **e  displayed. 
The  stability  is  required  to  be  better 
than  20  ppb  over  the  range  of  temperatures 
from  -55 * C .  to  +85 “ C . 

While  the  MCXO,  as  developed  by  General 
Technical  Services,  is  considerably  more 
accurate  than  TCXOs  and  can  operate  over  a 
wider  temperature  range  than  either  a  TCXO 
or  an  OXO,  it  also  exhibits  some  unique 
characteristics.  These  result  from  the 
digital  techniques  used  to  create  this 
MCXO  design. 

The  accuracy  of  the  MCXO  over  the  military 
temperature  range  is  also  influenced  by 
hysteresis  and  aging  of  the  two  oscilla¬ 
tion  modes  employed  in  the  Dual-mode 
Crystal  Oscillator  and  by  the  "goodness" 
of  the  fit  produced  by  the  polynominal 
curve-fitting  routine. 

This  report  also  discusses  several  inter¬ 
esting  anomalies  which  currently  exist  in 
the  normal  field  SC-cut  crystals  used  in 
the  DMXO  circuit  that  drives  the  MCXO. 
These  anomalies  have  not  been  observed 
prior  to  the  development  and  subsequent 
precise  temperature  cycling  required  to 
calibrate  and  characterize  the  resonators 
needed  by  the  MCXO. 

A  block  diagram  of  the  MCXO  system  is 
shown  in  Figure  1.  A  detailed  explanation 
of  this  system  was  presented  at  the  43rd 
Annual  Frequency  Control  Symposium1 and 
will  not  be  repeated  here.  Instead  sever¬ 
al  areas  of  interest  have  been  selected 
for  examination  that  may  help  clarify  some 
of  the  attributes  unique  to  this  MCXO. 


Response  to  Rapid  Temperature  change 

The  time  required  by  the  system's  correc¬ 
tion  cycle  limits  the  MCXO's  ability  to 
follow  rapid  variations  in  system  tempera¬ 
ture.  A  high  rate  of  temperature  change 
may  cause  noticeable  "sawtooth"  stepping 
of  the  output  frequency.  While  the  period 
counter  and  the  digital  mixer  circuits 
used  to  generate  the  N1  number  (the  analog 
of  temperature)  can  be  programmed  to  cycle 
as  rapidly  as  ten  times  per  second,  the 
microcomputer  is  currently  limited  to 
about  five  times  per  second  by  the  3.39 
MHz  clock  frequency  employed.  The  clock, 
derived  from  the  fundamental  mode  oscilla¬ 
tor  was  selected  to  conserve  power  con¬ 
sumption  but  can  be  modified  in  later 
models  if  required,  by  programming  a 
switch  to  the  higher  frequency  third 
overtone  oscillator  output. 


The  output  frequency  of  the  MCXO  is  the 
sum  of  the  frequencies  of  the  overtone 
oscillator  and  the  DDS-generated  correc¬ 
tion  frequency  Df0.  A  new  value  of  Df 0 , 
equal  to  the  difference  between  10  MHz  and 
the  overtone  oscillator  frequency,  is 
generated  at  the  end  of  each  correction 
cycle.  The  new  value  depends  on  both  the 
temperature  and  the  size  of  the  tempera¬ 
ture  change  since  the  frequency-tempera¬ 
ture  slope  varies  in  a  parabolic  manner.' 
Little  change  occurs  near  the  turning 
point  which  is  normally  located  at  about 
20 ’C.  but  the  greatest  changes  occur  at 
the  temperature  extremes,  with  the  maximum 
slope  occuring  equally  at  -55'C  and  85'C. 
The  magnitude  of  these  maxima  are  about 
2ppm/’C.  In  order  to  maintain  an  error  of 
less  than  20  ppb  in  a  changing  temperature 
environment  the  maximum  temperature  ramp 
must  be  kept  below 

.tfE  =  20  ppbx5  =  0.05’ C/sec.,  or  6'C/min. 
At  2  ppm/'C 

at  the  temperature  extremes.  At  the 
turning  point  temperature,  of  course,  the 
rate  of  change  can  be  very  much  larger. 
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Synthesiser-] 


and  Phase  Noise 


the  variations  in  resonator  characteris¬ 
tics. 


The  Direct  Digital  Synthesizer  (DDS)  is 
driven  by  the  computed  value  of  N2  which 
has  a  maximum  range  of  24  bits.  The  range 
is  set  by  the  24  bit  adder/register  and 
can  be  increased  further  but  only  at  the 
expense  of  an  increase  in  power  consump¬ 
tion.  N2 ,  however  is  kept  well  below  the 
maximum  value  to  minimize  the  jitter 
inherent  to  the  DDS  process,  since  close- 
in  spurious  sidebands  are  produced  as  a 

function  of  Df  where: 

o 

Df  =  N2  X  fin 
°  24 

2 

and  the  maximum  sideband  levels  are: 


As  =  201og  ^ 

in 


The  system  resolution  is  set  by: 


,24 


=  0.0186  Hz.  ( 1 . 86ppb ) 


Since  the  calculated  value  of  N2  is 
ed  to  an  integer,  the  resolution 
is  better  than  +lppb. 


round- 
of  Df 

o 


Since  the  DMXO  comprises  a  pair  of  series¬ 
mode  crystal  oscillators,  they  can  be  made 
to  run  as  independent  L-C  oscillators  by 
removing  the  crystal  and  inserting  a 
separate  stable  resistor  in  its  place  in 
each  oscillator.  By  doing  this,  the 
stability  of  the  L-C  oscillator  circuits 
can  be  evaluated  over  the  temperature 
range.  Any  changes  in  the  L-C  oscilla¬ 
tors'  frequencies,  nomi'  .  lly  10  and  3.5 
MHz.,  can  be  equated  through  CODA  analysis 
to  determine  their  impact  on  the  crystal- 
controlled  frequencies. 


In  both  the  Bridge  and  Colpitts  circuits 
used  in  the  DMXO,  an  inductor  operates  in 
conjunction  with  a  pair  of  capacitors. 
The  latter,  acting  as  voltage  dividers, 
provide  the  positive  feedback  necessary  to 
sustain  oscillations.  In  each  circuit, 
the  inductance  resonates  with  the  series 
capacitance  to  reduce  the  net  reactance  to 
zero  at  the  series-resonant  frequency  of 
the  crystal.  A  change  in  any  reactance 
will  pull  the  frequency  of  oscillation. 
With  the  crystal  present,  only  a  small 
frequency  change  occurs  before  a  cancel¬ 
ling  reactance  is  produced  by  the  resona¬ 
tor.  Without  the  crystal,  the  frequency 
must  change  until  the  net  reactance  of  the 
tuned  L-C  circuit  is  zero. 


The  DDS  phase  jitter  produces  a  small 
spectrum  around  the  10  MHz.  outut  frequen¬ 
cy  line,  which  varies  with  the  frequency 
of  Df  from  -70  dBc  at  200  HZ  to  -60  dBc 
at  700  Hz.  Spurs  are  also  produced  in  the 
10  MHz  output  spectrum  offset  at  the  DDS 
frequency  and  its  harmonics.  Both  phase 
jitter  and  spur  lines  are  greatly  reduced 
by  the  low-pass  action  of  the  PLL  and  its 
active  lag-lead  third-order  filter,  whose 
bandwidth  is  nominally  10  HZ. 

Sustaining  Amplifier  Stability 
and  Hysteresis 

The  dual-mode  oscillator  configuration 
shown  in  Figure  2  has  been  discussed 
previously  *.  This  paper  constitutes  an 
extension  to  that  work  and  reviews  the 
progress  since  last  year  in  achieving  an 
understanding  of  the  factors  influencing 
the  performance  of  resonators  and  their 
sustaining  amplifiers  when  subjected  to 
repeated  cycling  over  a  wide  temperature 
range. 

Inevitably,  the  question  arose  as  to  the 
influence  of  circuit  components  on  fre¬ 
quency  stability,  particularly  the  reac¬ 
tive  components,  both  inductive  and  capac¬ 
itive.  In  order  to  resolve  this  question, 
the  following  technique  was  devised  to 
separate  changes  in  circuit  values  from 


Through  the  use  of  the  CODA  program,  each 
oscillator  was  analyzed  to  calculate  the 
change  in  crystal-controlled  frequency 
that  would  result  from  a  1%  change  in  the 
critical  tuning  inductance.  (This  is  not 
to  imply  that  the  inductors  are  more 
suspect  than  the  capacitors.  The  tuning 
capacitors  could  have  been  adjusted  in¬ 
stead,  but  since  there  are  two  capacitors 
in  series  in  each  oscillator  both  would 
have  had  to  be  changed  in  the  correct 
ratio,  a  more  awkward  procedure.)  The 
effect  on  the  L-C  oscillator  frequencies 
of  a  proportional  change  in  inductance  (or 
capacitance)  is  easily  determined  since 
the  frequency  is  inversely  proportional  to 
the  square  root  of  the  inductance  or 
capacitance. 

(d2LC  =  1 


du  _  I  dL  =  2  dC 
u  2  L  2  C 

By  using  the  CODA  program  to  change  the 
value  of  the  inductance,  as  indicated 
above,  and  as  shown  in  Figures  3  and  4, 
the  value  of  du/iii  for  the  10  MHz.  crystal 
oscillator  was  found  to  be  1/10*/1%, 
yielding  a  value  for  dwXt  i  /d«>LCO  =  2/106. 
The  corresponding  ratio  for  tne  3.5  MHz 
oscillator  is  13/106 .  The  large  differ¬ 
ence  between  these  values  is  due  to  the 
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differences  in  the  crystal's  motional 
capacitances  in  the  two  modes  and  in  the 
circuit  designs. 

Figures  5  and  6  illustrate  the  effects  of 
temperature  cycling  on  the  frequencies  of 
a  pair  of  L-C  oscillators.  The  tempera¬ 
ture  data  are  from  the  thermometer  in  the 
test  chamber,  unlike  the  tests  on  the 
DMXOs  (discussed  later)  where  temperature 
information  is  derived  from  the  beat 
frequency  between  the  dual -mode  oscilla¬ 
tors.  Figures  5  and  6  show  two  tempera¬ 
ture  runs  taken  almost  a  week  apart  on 
both  oscillators.  All  runs  began  and 
ended  at  25"C.  The  dashed  curve  illus¬ 
trates  the  first  run  where  the  wait  time 
at  each  temperature  step  was  only  1 
minute.  The  solid  curve  illustrates  the 
result  of  increasing  the  wait  time  to  5 
minutes.  It  shows  less  "apparent  hystere¬ 
sis"  than  the  first  run  and  suggests  that 
the  hysteresis  is  largely  due  to  the 
thermal  inertia  of  the  parts  involved. 

The  left-hand  scales  show  the  frequency 
changes  in  the  L-C  connection,  while  the 
right  hand  scales  show  the  calculated 
impact  on  the  oscillator  when  under  crys¬ 
tal-control  (assuming  a  perfectly  stable 
crystal).  The  horizontal  axis  represents 
the  least-squares  polynomial  fitted  to  the 
data,  while  the  curves  illustrate  the 
residuals  due  to  drift  and  hysteresis. 

Figures  7  and  8  show  similar  results  from 
tests  run  on  a  slightly  different  version 
of  the  DMXO .  The  two  curves  were  run  on 
successive  days  after  4  days  of  aging 
cycles.  The  results  indicate  that  the 
stability  of  the  sustaining  amplifiers  is 
adequate  to  the  task  and  that  the  hystere¬ 
sis  and  excessive  residuals  shown  by 
calibration  runs  on  many  resonators  must 
be  due  to  the  resonators  themselves. 

Crystal  Oscillator  Curve  Fit, 
Stability  and  Hysteresis 

Although  crystal  oscillators  have  been 
operated  over  wide  temperature  ranges  for 
decades,  it  has  not  been  possible  to 
examine  their  performance  with  any  great 
precision  until  the  advent  of  the  dual¬ 
mode  oscillator  2 ,  3, '.  The  current  areas 
of  concern  to  the  development  of  resona¬ 
tors  for  the  MCXO  are  the  evidence  of 
hysteresis  and  of  excessively  large  resid¬ 
uals  remaining  after  high-order  polynomial 
curve  fitting.  The  relative  magnitudes  of 
these  two  effects  vary  widely  from  crystal 
to  crystal  and  no  correlations  have  yet 
been  made  with  processing  or  quality 
control  factors. 

Examples  of  calibration  runs  showing  both 
low  and  high  levels  of  residuals  and 
hysteresis  can  be  seen  in  Figures  9 
through  14.  The  residuals  are  the  differ¬ 


ences  between  the  accumulated  frequency 
vs.  temperature  data  and  the  approximating 
function,  which  in  this  system  is  a  7th 
-order  polynomial  that  provides  a  least- 
squares  approximation  to  the  data.  The 
polynomial  which  is  listed  above  each 
plot,  relates  DfQ  to  N  (where  N=N1-N0) , 
and  is  generated  using  the  3rd  overtone 
frequency  data  vs.  N.  The  hysteresis  is 
evidenced  by  the  open  loop  traced  by  the 
data  points. 

The  data  has  been  taken  using  a  computer- 
controlled  test  chamber  programmed  to 
change  the  temperature  in  steps,  usually  2 
degrees  apart,  from  25'C  to  -55‘C,  then 
reversing  and  stepping  up  to  +85"C  before 
returning  to  25° C.  A  complete  run  takes 
about  8  hours.  The  crystal  and  sustaining 
amplifiers  are  both  in  the  chamber.  The 
dual-mode  design  sustains  oscillation  on 
both  the  fundamental  and  3rd  overtone  C- 
modes  simultaneously.  A  computer  program 
has  been  written  to  calculate  the  number 
N1  from  the  inverse  difference  between  the 
fundamental  and  the  3rd  overtone  divided 
by  3.  This  becomes  the  self-sensing 
temperature  analog  used  by  the  MCXO  to 
calculate  the  required  correction  frequen¬ 
cy  Df0. 

The  residuals  are  plotted  against  N  as 
shown.  The  temperature  scale  is  nominal, 
since  the  N  number  provides  the  actual 
temperature  information. 


Conclusion 

It  has  Leen  demonstrated  that  this  MCXO 
system  is  capable  of  correcting  for  pre¬ 
dictable  f requency-temperature  vari¬ 
ations  smaller  than  2  ppb.  This  potential 
cannot  be  realized  however  until  suffi¬ 
ciently  stable  SC-cut  resonators  have  been 
developed.  More  than  'orty  resonators 
have  been  examined  to  date,  a  typical 
sampling  has  been  shown  by  the  data  in 
Figures  9  through  14.  All  of  these  have 
been  fabricated  using  the  best  available 
processing.  The  units  have  been  sealed  by 
cold-welding  into  HC- 40  cases.  Some  of 
these  have  been  assembled  without  a  final 
frequency  plating  to  determine  if  the 
reduced  atmospheric  exposure  provided  any 
improvement.  Others  have  been  fabricated 
from  swept  quartz  to  determine  if  higher 
material  purity  could  contribute  improved 
stability.  No  significant  improvements 
have  been  seen  to  date,  thus  the  develop¬ 
ment  of  the  MCXO  presents  a  challenge  to 
the  quartz  crystal  industry  which  if  met, 
can  offer  a  serious  alternative  to  the 
ovenized  crystal  oscillator. 
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2H91B  9  IB  MHz  Cht.  Analysis: 


BB1DGE  OSC 


\  9= PAH 
=  1  568e+2„ 


C= 110e+8  L=  Be+8  R=5B0e+0 


L=210e-2 

R=488e-2 


C=330e+1 

L=844e-i 


G21=3.6Be+l  B21=-.48e+l 

Gll=4.08e-1  B 1 i=  4 . 80e-l 
G22=2.5Be-2  B22=1.38e-1 
G12=~. 18e-l  B12=— . 88e-l 
lc-  1.0Be+0  (G,B,whos) 
Ic,mA  C, pF  L.uH  Biohas 


6=SER 

C=  0e+0 
L=  0e+B 
R=470e-1 


To  Input-) 
G  in- 
*7?le-3 

Bin= 

+123e-2 


C=158e+B 


C-SCi0e+B 


R= 280B+1 


R=750e+1 


Co=  3.0;  Li=lb9e+4;  Ci=158e-06:  Bi= 
Fseries  =  9,999,988.8  Hz 


DMBXO10. ANA 


Analyze  1A1  Change  [Cl  Span  [FI  Save  (SI  Design  ID!  Main  [Ml 


9,999,968.2  Hz  Fc+25 

DMBX01B. ANA 


i  BWu=  8.48  Hz  Fosc=  9,999,967.9  Hz 

!  Qu= 1,178,929  Dfo=+  . 18  Hz  Ic=  1.08  nA  DAo=-  .1  dB 
j  Ql/Qu=  1.34  Ix=  788.4  uA  BRIDGE  OSC  Uo=  415.50  «U 


Reanalyze  [Rl  Span  [FI  ALC  [Al  List  [LI  Noise  [N1  Main  (Ml 


Figure  3 
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BUu= 

2.15 

Hz 

Fosc=  3,390,080.4  Hz 

Px= 

5.18 

uU 

Qu= 1,575, 448 

Dfo=+ 

.23  Hz  lc=  . 10  «A  DAo=+  .1 

iB 

Pi= 

.39 

uU 

Ql/Qu= 

.38 

Ix= 

718.8  uA  COLPITTS  OSC  Uo=  53.89 

mU 

Po= 

.28 

uU 

Beanalyze  IB]  Span  [FI  ALC  [A]  List  (Li  Noise  [ N]  Main  CM] 


***  Polynomial  Coefficients,  Ff  vs  Temp.  *** 

LSA-LCO  dmo1m517 

Coefficients  of  Least  Squares  Approximation 
[Where  F=A0+A1 *T+A2*T~2+A3*T~3+ . . . ] 

Ao=+3.395243e+06  A1=-1 .344766e+G2 

A2=-5. 74001 0e-01  A3=-5. 100818e-03 

A4=-4.016435e-05  A5=+3 . 4 1 6258e-06 

A6  =  + 1  .537  282e-08  A7  =  - 3 . 988309e- 1 0 

Ff  Besiduals  vs.  Temperature,  (Data  points  vs.  Polynomial) 


-60  -40  -20  8  20  40  60  80 

Temperature  deg.C 


Figure  5. 
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***  Polynomial  Coefficients,  Fo  vs  Temp.  *** 


LSA-LCO 


dmol m5 1 7 


Coefficients  of  Least  Squares  Approximation 
[Where  F=A0+A1 *T+A2*T~2+A3*T"3+ . . . ] 


Ao=+9 . 934849e+06 
A2=-2 .0551 1 1 e+00 
A4=-3.229087e-04 
A6=+7 . 96596 1 e-08 


A1=+3.090108e+02 
A3=+3.269866e-02 
A5  =  - 1 .41 9302e-06 
A7=-5.354908e-10 


Fo  Besiduals  vs.  Tenperaturei  (Data  points  vs.  Polynomial) 


+.20  ppb. 


Equiv. 
X-Osc . 


-.20  ppb. 


Figure  6. 
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Ff  Residuals  vs.  Temperature,  (Data  points  vs.  Polynomial) 
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Temperature  deg.C 

Figuie  7. 


Fo  Residuals  vs.  Tenperaturej  (Data  points  vs.  Polynonial) 


Temperature  deg.C 


***  Single-Mixer  Based  Polynomial,  Dfo  vs  N1 

LSA100S  qtl-112 

Coefficients  of  Least  Squares  Approximation 
[Where  Dfo=fd+A1*N+A2*N'"2+A3*N"3+.  .  .  ] 


fd=+2. 221207e+02 
A2=+ 1 . 72701 2e-06 
A4=+3.673765e-16 
A6=+ 1 . 500552e-25 
NO  = 


A1=-8. 677494e-04 
A3=-4 . 6844 1 8e- 1 1 
A5=-3. 807997 e- 21 
A7=-6 . 7 0040 3e- 31 
2905030 


*** 


Fo  Deviation  (PPB),  Data  points  vs.  Polgnowial 


***  Single-Mixer  Based  Polynomial,  Dfo  vs  N1  *** 

LSA100S  sq4-3 1 3 

Coefficients  of  Least  Squares  Approximation 
[Where  Dfo=f  d+AI  *N+A2*N'“2+A3*N~  3+ .  .  .  ] 


fd=+1 . 296 1 95e+03 
A2=+ 1 . 886556e-06 
A4=+4.420892e-1 6 
A6=- 1 . 642775e-25 
NO  = 


A1=+4. 1 84898e-05 
A3=~4 . 1 40595e- 1 1 
A5=+5 . 700045e-2 1 
A7=-2.093995e-29 
3122635 


Fo  Deviation  (PPB),  Data  points  vs.  Polynomial 
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***  Single-Mixer  Based  Polynomial,  Dfo  vs  N1  *** 


LSA100S 


sql -306 


Coefficients  of  Least  Squares  Approx imat ion 
[Where  Dfo=fd+A1 *N+A2*N~2+A3*N~3+ . . . ] 


fd=+1 .291 756e+03 
A2  =  + 1  . 82605  7  e-06 
A4=+4. 201 1 08e- 1 6 
A6  =  - 1  .  646747e-25 


A 1  =- 1  .  179691 e-04 
A3=-3.789156e-1 1 
A5=-8. 36509 8e -21 
A7=+9.487603e-30 


NO  =  3183745 


Fo  Deviation  (PPB),  Data  paints  vs.  Polynomial 


sdl-386  I  i/s  sttll-3 


Temperature  aeg.C 

Figure  11. 


***  Single-Mixer  Based  Polynomial,  Dfo  vs  N1  *** 


[ 


LSA100S  pc  10-1 04 

Coefficients  of  Least  Squares  Approximation 
[Where  Dfo=fd+A1  *N+A2*hT2+A3*NT3+ .  .  .  ] 


fd~+1 . 985664e+02 
A2  =  + 1 .902651 e-06 
A4=+2 . 79297 8e-16 
A6=+9.092348e-26 
NO  = 


A1=+6.427432e-04 
A3=-3 . 63037 1 e- 1 1 
A5=-3.089315e-21 
A7=- 1 . 739692e-30 
3240333 


Fo  Deviation  (PPB),  Data  points  vs.  Polynomial 


Figure  13. 
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***  Single-Mixer  Based  Polynomial,  Dfo  vs  N1  *** 

LSA100S  CC59-226 

Coefficients  of  Least  Squares  Approximation 
[Where  Dfo=fd+A1  *N+A2*N',2+A3*N/'3+  .  .  .  ] 

fd=+1 . 948544e+02  A1=+1 .471636e-03 

A2-+2 . 366673e-06  A3=-5 . 389274e-1 1 

A4=+4. 951870e-16  A5=-8 . 296 1 26e-2 1 

A6=+ 1 . 1 3409 1 e-25  A7  =  +1 .831042e-30 

NO  =  2876208 


Fo  Deviation  (PPB),  Data  points  vs.  Polynomial 


-60  -40  -20  0  20  48  60  80 

Temperature  deg.C 


Figure  14. 
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FORTY-FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


AN  UPDATE  ON  THE  TMXO 

D.A.  Symonds  &  D.  Allen 

Piezo  Technology,  Inc. 
Orlando  Florida  32854-7859 


Abstract 

The  Tactical  Miniature  Crystal  Oscillator 

(TMXO),  is  a  very  small  (1.5  cu.  in),  high  stability  (<  ±5 
ppb),  fast  warm  up  (as  low  as  2  minutes),  ovenized 
crystal  oscillator  using  a  unique  vacuum  insulation 
principle  to  achieve  a  very  low  input  power  -  250  mW  at 
-55°  C.  This  paper  describes  improvements  made  to  the 
TMXO  to  enhance  performance  and  improve 

manufacturability. 

Introduction 

The  Tactical  Miniature  Crystal  Oscillator 

(TMXO),  is  a  very  small,  very  low  power,  high  stability, 
fast  warm  up,  ovenized  crystal  oscillator  that  is  intended 
for  use  in  a  variety  of  advanced  applications.  The 
combination  of  high  stability,  small  size,  and  low  power 
consumption  afforded  by  the  TMXO  is  not  approached  by 
any  other  frequency  standard. 


The  baseline  TMXO  was  developed  under 
LABCOM  sponsorship  by  the  Bendix  Corporation.  It 
performed  well  to  its  original  specification,  demonstrating 
the  validity  of  the  concept.  In  the  final  phase  of  this 
effort,  Bendix  successfully  manufactured  100  baseline 
TMXOs  under  an  MM&T  contract.1,2 

Despite  this  early  success,  to  make  the  TMXO 
commercially  available  further  work  was  needed.  First, 
certain  performance  improvements,  including  the 
reduction  of  quiescent  phase  noise,  the  elimination  ot 
structural  resonances,  and  the  addition  of  radiation 
hardening  were  dictated  by  potential  user  requirements. 
Second,  manufacturability  improvements  in  order  to 
reduce  manufacturing  costs  were  necessary.  Third,  a 
manufacturing  capability  for  the  TMXO  resonator  had  to 
be  developed.  (The  crystal  unit  for  the  baseline  TMXO 
was  a  ceramic  flatpack  SC  cut  crystal  manufactured  at  a 
government-owned  facility.3  '*)  In  addition,  the  oscillator 
was  to  be  re-designed  to  comply  with  MIL-O  55310B. 


The  TMXO  achieves  its  unique  performance  as  a 
result  of  the  use  of  vacuum  insulation,  hybrid 
construction,  and  a  special  resonator  package.  Figure  1 
shows  the  mechanical  configuration  and  principal 
dimensions. 


The  results  to  date  of  these  efforts  are  described 
in  detail  in  the  sections  which  follow.  The  TMXO  has 
been  radiation-hardened  to  tactical  levels.  Phase  noise 
has  been  reduced  to  -125  dBc/Hz  at  10  Hz  offset,  with  a 
floor  of  -160  dBc/Hz.  The  lowest  structural  resonance  has 
been  increased  to  1800  Hz;  work  on  this  parameter  is 
continuing.  Manufacturability  improvements  have  been 
numerous  and  extensive.  In  addition  to  a  large  number  of 
process  changes,  the  thick-film  hybrid  circuit  assembly 
has  been  completely  re-designed:  the  package  has  been 
improved;  the  number  of  thick-film  screenings  has  been 
reduced  from  13  to  2;  the  circuit  itself  as  well  as  circuit 
components  have  been  changed  extensively,  both  to 
enhance  performance  and  to  simplify  assembly  and 
alignment.  The  original  header  for  the  TMXO  package 
has  been  replaced  by  one  which  is  not  only 
manufacturable  but  also  more  reliable  and  far  less  prone 
to  failure  during  oscillator  assembly.  Finally,  the  original 
ceramic  flatpack  crystal  unit  has  been  replaced  by  a 
ceramic  and  metal  coidweld  surface-mount  unit, 
manufactured  by  PTI.  Principal  specifications  of  the 
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improved  TMXO  are  given  in  Table  1.  Certain  of  these 
specifications  are  in  excess  of  contract  requirements  to 
reflect  the  performance  being  achieved. 

Performance  Improvement 

Although  there  is  considerable  interaction  and 
trade-off  between  the  various  tasks  they  will  be  described 
separately. 

Circuit  design 

The  TMXO  circuit,  while  adequate  for  the 
original  specification,  was  deficient  in  both  phase  noise 
and  radiation  immunity.  The  target  phase  noise 
specification  for  the  improved  design  is  shown  in  Table 
1  except  that  the  target  at  10  Hz  was  -120  dBc/Hz.  The 
design  levels  for  nuclear  exposures  were  8  x  103  rads  (Si) 
total  ionizing  dose,  1  x  10l°  rads  (Si)/s  peak  prompt 
gamma  flux  and  a  neutron  fluence  of  2  x  1012 
neutrons/cm2. 

There  were  several  restrictions  on  the  design. 
Clearly,  only  semiconductors  which  are  relatively  immune 
to  radiation  could  be  used.  Transistors  were  chosen  with 
high  values  of  fT,  to  reduce  their  radiation  sensitivity. 
Because  the  cost  of  radiation-immune  integrated  circuits 
was  excessive,  no  linear  integrated  circuits  could  be 
incorporated.  The  voltage  .emulator  therefore  had  to  be 
made  with  a  zener  diode  and  the  temperature  controller 
with  discrete  transistors.  Exposure  to  tactical  nuclear 
levels  irreversibly  increases  semiconductor  leakage 
currents  while  reducing  gains;  therefore,  all  circuit 
designs  have  taken  these  degraded  parameters  into 
account.  In  addition,  to  prevent  bum-out  during  prompt 
gamma  radiation,  current  limiting  resistors  were  placed 
in  all  semiconductor  power  supply  paths. 

As  a  further  restriction,  the  hybrid  area  is  very 
limited,  so  a  large  low-pass  filter  to  remove  the  regulator 
noise  was  not  possible.  Very  low  power  dissipation,  less 
than  30  mW  (2.4  mA  at  12  V),  was  required  for  all  the 
circuits,  since  the  high  thermal  resistance  (approximately 
600°C/watt)  that  results  in  low  oven  power  also  causes 
the  maximum  operating  temperature  to  be  reduced  by 
7.2°C  per  milliampere.  Good  supply  and  load  immunity 
were  also  required. 

The  oscillator  sustaining  circuit  (figure  2)  is  a 
modified  Colpitts  with  base-emitter  limiting.  To  achieve 
a  minimum  noise  floor,  the  signal  is  extracted  from  the 
low  noise  point  of  circuit5.  The  buffer  is  a  common  base 
stage  for  good  isolation.  Critical  components  have  been 


chosen  for  low  noise  and  are  tested  100%.  The  total 
current  for  the  oscillator  and  buffer  is  0.8  mA. 


Two  output  types  are  available  sinewave 
output  at  0  dBm  and  logic  output  at  5  volt  CMOS  levels. 
For  the  sinewave  output  version  no  additional  buffer  was 
required  and  a  noise  floor  of  162dBc/Hz  is  obtained, 
figure  3.  For  the  logic  output  version  a  discrete  transistor 
squaring  circuit  is  used,  which  results  in  a  noise  floor  of 
about  -145  dBc/Hz. 


Figure  3.  TMXO  &  ITMXO  Phase  Noise 


The  regulator,  which  supplies  the  stabilized 
voltage  for  the  oscillator  stage,  the  temperature  controller 
and  the  varactor  bias,  consists  of  a  zener  diode  with  250 
nAof  bias  current  supplied  through  a  current  diode.  Very 
low  currents  are  sourced  from  the  regulator  to  allow  the 
use  of  an  R-C  filter  to  reduce  the  amount  of  regulator 
noise  injected  to  the  oscillator/buffer  circuit. 
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Table  1.  Principle  Specifications 


Parameter 

Sub-Parameters  or  Conditions 

Specification  Value 

Frequency  Range 

4.900  to  12.000MHz 

Lower  with  dividers 

Input  Power 

Heater  and  Oscillator  supplies  at 
-55°C 

250  mW  max  after  stabilization 

Max  Warm-up  Current 

1.0  Amps 

Oscillator  supply 

12  ±  1.0  volts 

Heater  supply 

12.0  to  18.0  volts 

Buffer  supply  (Logic  output  only) 

5.0  ±  0.25  volts 

Frequency  Stability 

Temperature: -55°C  to  +  70°C 
optional  to  +95°C 

±5  x  109 

Aging 

±3  x  10 “/year,  ±2  x  10  "7day 

Restabilization  at  -55°C(warm-up) 

±1  x  10  8  after  3  minutes  on 
time 

Retrace 

±2  x  10 9  after  4  hours  on  time, 
following  24  hours  off  time 

Supply  Voltage  ±  5% 

±2  x  109 

Load  Impedance  ±10  pF 

±2  x  109 

Phase  Noise:  (Sinewave  version) 

1  Hz  90  dBc/Hz 

10  Hz  125  dBc/Hz 

100  Hz  145  dBc/Hz 

1000  Hz  157  dBc/Hz 

10000  Hz  160  dBc/Hz 

Short  Term  Stability: 

0.1  sec  1  x  10'° 

1.0  sec  2  x  10  " 

1.0  sec  1  x  10" 

Frequency  Adjustment  Range 

External  Resistor  or  voltage 

±5  x  107 

Output  Levels 

Sinewave 

Logic 

5  volt  CMOS 

Environmental 

Temperature  Range,  Operating 

-55°C  to  +70°C 
optional  to  +95°C 

Shock 

MIL-STD-202,  Method  213,  Cond 

I,  lOOg,  6  mS,  sawtooth 

Vibration,  Random 

MIL-STD-202,  Method  214,  Cond 

1,  Letter  C,  9.26g  rms 

Acceleration  Sensitivity 

<  1  x  109/g,  total 

Mechanical 

Size 

1.25"  diameter,  1.55"  height 

Weight 

2  ounces 
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The  temperature  controller  is  fairly  conventional 
except  that  it  is  made  using  discrete  transistors  and,  for 
radiation  hardness,  is  designed  to  be  able  to  source 
sufficient  current  with  degraded  gains  and  has  current 
limiting  resistors  for  gamma  pulse  protection.  The 
original  heater  transistor  was  replaced  with  a  device  with 
higher  fT  and  good  secondary  breakdown  characteristics. 
The  circuit  in  the  baseline  unit  was  arranged  to  increase 
the  operating  temperature  as  the  set  resistor  was 
increased  in  value.  This  resulted  in  bum-up  if  the 
externally  titted  temperature  setting  resistor  was 
inadvertently  omitted.  The  circuit  is  now  arranged  so  that 
no  damage  can  result  from  either  a  short  or  open.  In  the 
baseline  design  the  thermistor  had  to  be  selected  to  suit 
the  operating  temperature  of  a  particular  crystal.  This 
required  a  range  of  tightly  sorted  thermistors.  The  circuit 
is  now  designed  to  operate  with  one  thermistor  value 
which  simplifies  material  control  and  allows  for  assembly 
into  the  hybrid  before  the  crystal  is  selected.  The  warm 
up  time  is  set  by  the  peak  heater  current  allowed  during 
warm-up.  A  peak  current  of  1.0  amps  results  in  a  warm 
up  time  of  3  minutes,  whereas  1.5  amps  gives  a  2  minute 
warm-up. 

The  resulting  frequency-temperature  perform¬ 
ance  is  excellent,  as  shown  in  figure  4. 


Figure  4.  F/T  Performance 


Nuclear  Survivability 

In  addition  to  the  circuit  changes  just  described, 
to  achieve  radiation  hardening  the  TMXO  uses  a  swept, 
Premium  Q  quartz  resonator  to  reduce  the  effect  of 
ionizing  radiation.  Sweeping  is  performed  in-house. 

Analysis  and  limited  testing  of  TMXOs  of  similar 
design  shows  that  the  design  will  still  perform  to 
specification  after  exposure  to  the  nuclear  environment 
cited  above. 


Acceleration  Sensitivity 

Phase  noise  under  vibration  is  set  by  the  G 
sensitivity  of  the  resonator*"  and  modified  by  resonances 
of  the  structure.  A  program  requirement  is  that  there 
shall  be  no  structurally- induced  degradation  below  2000 
Hz.  The  baseline  TMXO  had  resonances  at  around  700  Hz 
and  1400  Hz  which  are  believed  to  be  due  to  the  support 
structure. 

To  remove  these  effects  structural  resonances 
must  be  greater  than  2  kHz.  Therefore  the  structure  must 
be  stiffened,  but,  to  maintain  low  input  power,  this  must 
be  done  without  increasing  the  thermal  conductance  of 
the  support  structure.  The  method  adopted  was  to  replace 
the  solid  support  wires  with  thin  walled  tubes  having  the 
same  cross  sectional  area,  giving  a  calculated  stiffness 
improvement  of  50%  (see  figure  5). 


Figure  5.  Support  Structure 


The  supported  mass  was  reduced  by  changing 
resonator  packages,  but  this  reduction  is  partly  offset  by 
the  increased  mass  of  the  new  hybrid  package.  Vibration 
measurements  show  that  there  is  still  a  resonance  at  1800 
Hz.  Further  improvement  is  still  desired.  Future  plans  call 
for  a  complete  structural  re-design. 

Producibiliry 

The  cost  of  the  TMXO  is  made  up  of  four  main 
components: 

1)  Components 

2)  Assembly  labor 

3)  Yield,  especially  at  certain  critical  stages 

4)  Testing  of  the  finished  unit. 
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Of  these,  the  last  is  determined  primarily  by 
requirements  of  individual  customer  programs,  and  will 
not  be  considered  here.  To  address  the  first  three, 
numerous  design  and  process  changes  have  been  made. 

At  the  outset  of  the  program,  major  cost 
elements  had  been  identified.  As  manufacturing 
experience  was  gained  with  the  baseline  design, 
additional  cost  elements  came  to  light.  Briefly,  the  price 
of  certain  critical  components  from  the  suppliers  had 
escalated  while  the  quality  had  degraded.  These 
components,  the  crystal  package,  the  hybrid  package  and 
the  header,  were  redesigned  to  reduce  costs.  A  poor  yield 
at  the  later  stages  of  TMXO  assembly  was  very  expensive, 
since  re-work  was  very  difficult  and  resulted  in  scrapping 
of  a  substantial  portion  of  the  assembly.  Additional  tests 
were  incorporated  to  ensure  that  the  TMXO  works 
correctly  before  sealing  and  the  parts  were  ruggedized  to 
allow  for  non  destructive  rework.  The  cover  attachment 
process,  which  had  given  very  poor  yields  was  extensively 
modified. 

Hybrid  Package 

With  the  original  octagonal  package,  we 
experienced  continuing  problems  with  pins  falling  off, 
often  after  the  hybrid  had  been  completed.  Consultation 
with  the  vendor  led  to  a  re-design  to  accommodate  their 
standard  attachment  process  using  headed  pins.  In  order 
to  keep  the  pins  in  the  same  positions  more  surface  area 
was  required,  so  the  package  was  changed  to  a  slightly 
larger  circular  one.  In  addition,  the  surface  finish  is  more 
closely  controlled,  and  additional  metallization  has  been 
added  to  reduce  radiant  heat  losses.  The  oven  power 
saved  is  approximately  20  mW  at  55°C. 

Hybrid  Assembly 

The  number  of  screenings  (13)  was  extremely 
high,  due  mainly  to  the  range  of  values  of  screened-on 
thick  film  resistors.  In  the  redesign  the  number  of  layers 
is  reduced  to  2  --  one  metallization  and  one  dielectric, 
reducing  the  time  and  cost  to  print  substrates 
considerably.  Thin  film  chip  resistors  replace  thick  film, 
removing  the  necessity  for  trimming  resistor  values  --  a 
further  cost  savings  --  while  reducing  resistor-generated 
noise  and  allowing  resistor  values  to  be  changed  without 
making  substrate  changes.  The  low-value  thick-film 
resistor  which  is  used  to  limit  the  maximum  current 
during  warm-up  occupied  a  large  area  of  the  hybrid 
substrate.  This  resistor  was  moved  to  the  heat  spreader  to 
save  space  on  the  substrate  and  to  allow  its  power  loss  to 
be  dissipated  on  the  heat  spreader. 


In  the  baseline  design  a  tapped  coil  tor  mode 
selection  was  wound  on  a  plastic  form  which  degraded 
under  continuous  heat.  In  addition,  the  poor  coil  design 
made  it  difficult  to  set  up  the  hybnd  as  the  coil 
inductance  changed  when  the  hybrid  cover  was  installed. 
It  was  also  large  and  was  mounted  over  some  other 
components,  making  them  inaccessible.  The  coil  was 
replaced  with  2  chip  inductors,  making  the  suppression 
of  the  unwanted  upper  and  lower  resonator  modes 
independent  and  reducing  the  sensitivity  of  the  main 
mode  frequency  to  the  mode  suppression.  As  a  result  of 
these  changes,  set-up  became  very  simple. 

To  set  the  nominal  frequency  a  multielectrode 
capacitor  was  used  in  the  baseline  design.  It  occupied  a 
large  surface  area  and  it  also  required  many  external 
connections  restricting  layout.  A  capacitor  is  now  selected 
to  set  the  operating  frequency  after  attaching  the 
resonator  but  before  sealing  the  hybnd.  Fine  trimming  is 
obtained  with  the  varactor  diode  which  has  increased 
range;  this  allows  adjustment  to  final  frequency  after  the 
TMXO  is  sealed. 

Crystal  Uni: 

The  baseline  TMXO  used  a  third  overtone.  SC  cut 
resonator  housed  in  a  three-piece,  all  ceramic  package 
sealed  by  thermo  compression  bonding. ^  These  crystal 
units  were  manufactured  in  a  government  owned  facility 
and  were  nor  available  commercially.  In  the  initial  phases 
of  this  effort  the  technology  for  this  process  was 
transferred  to  PTI.  After  evaluation,  it  was  determined 
that  the  cost  of  manufacturing  this  configuration  was 
excessive,  and  not  warranted  by  the  performance 
requirements. 

Accordingly,  a  cold- weld  surface  mounting 
ceramic  package  has  been  developed,  figure  6.  enabling 
the  use  of  a  standard  sealing  process.  A  disadvantage  is 


Figure  6.  Coldweld/Ceramic  Resonator  Package 


that  the  new  package  has  only  one-sided  access  to  the 
crystal  blank,  making  cleaning  more  difficult.  Advantages 
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include  low  weight  and  low  thermal  radiation  losses,  due 
to  gold  plating  of  the  covet.  It  is  capable  of  high 
temperature  processing.  The  package  appears  to  work 
well.  For  five  units,  the  mean  acceleration  sensitivity 
(total  vector)  was  4x10  l0/g,  with  a  standard  deviation 
of  0.8  l0/g.  Typical  aging  (<2  x  10  10/day)  and  retrace 
(<  1  x  10 s>)  are  shown  in  figure  7. 


Oscillator  Package 

Header  The  TMXO  attains  its  iow  power  mainly 
as  a  result  of  the  vacuum  insulation.  To  remain  a  low 
power  device  through  its  life  it  must  retain  the  vacuum. 
A  leak  rate  of  around  1x10  12/?.tm  cm3/sec  can  result  in 
a  reduced  lifetime  for  the  oscillator  so  it  is  imperative 
that  low  leak  rates  be  obtained.  One  of  the  greatest 
difficulties  in  making  the  TMXO  is  in  obtaining  low 
leakage  circuit  feedthroughs.  In  this  design  the  feed¬ 
throughs  are  made  at  the  end  of  the  oscillator  with  a 
header  which  is  microplasma  welded  to  the  cover.  The 
most  expensive  part  in  the  TMXO  is  the  vacuum  header. 
At  incoming  inspection  only  50%  of  the  original  design  of 
header  were  surviving  the  tests;  this  doubled  the  effective 
cost  of  the  header.  Moreover,  despite  pre-acceptance 
screening  the  header  often  failed  during  and  after 
assembly  resulting  in  a  rejected  unit.  This  had,  of  course, 
a  dramatic  effect  on  the  unit  cost. 

The  baseline  header  consists  of  a  large,  circular, 
ceramic  plate  fitted  in  a  Kovar  hoop.  This  assembly  has 
high  residual  stress,  making  it  prone  to  failure.  Further, 
uneven  thermal  stresses  are  produced  during  sealing  with 
the  micro-plasma  welder.  Still  further,  completed 
oscillators  tend  to  be  fragile,  since  any  deformation  of  the 
base  introduces  stresses.  This  was  especially  significant  as 
the  studs  were  not  always  quite  square  and  mounting 


could  result  in  failure.  In  addition  the  circuit  traces  for 
the  buffer  were  pnnted  on  the  ceramic  plate  of  the 
header;  the  header  had  to  be  modified  to  change  the 
output  buffer  type. 

The  header  was  redesigned  to  have  lower  stress 
and  be  more  rugged.  The  new  header  is  machined  from 
a  single  piece  of  Kovar.  Brazed-in  individual  ceramic  feed¬ 
throughs  are  used,  as  well  as  a  brazed-in  ground  pin.  The 
studs  previously  used  have  been  replaced  with  integral 
threaded  lugs  which  allow  mounting  with  either  screws 
or  studs.  A  section  of  the  wall  has  been  thinned  to  reduce 
thermal  shock  during  plasma  welding.  The  buffer  circuit 
pattern  has  been  replaced  with  a  thin  pcb,  allowing  the 
buffer  to  be  changed  without  modification  of  the  header. 
The  header  is  manufactured  by  PTI,  using  a 
hydrogen/vacuum  brazing  process  to  install  the  ceramic 
feed-throughs  and  the  ground  pin. 

Heat  sinking  during  Plasma  welding  was 
considerably  improved  by  fixture  re-design  to  reduce 
thermal  shock. 

Getter:  The  getter  sometimes  became  detached 
during  vibration  or  rough  handling.  The  cause  was  metal 
fatigue  at  the  Kovar/ tungsten  joint.  An  intermediate  metal 
(inconel)  was  added  as  a  sleeve  around  the  tungsten  wire 
to  prevent  the  formation  of  brittle  intermetallics.  There 
have  been  no  subsequent  getter  failures. 

Outside  Cover:  There  were  two  problems  caused 
by  the  plating  of  the  outside  cover:  1.)  In  the  pinch-off 
region,  during  pinch-off  the  plating  cracked  and  produced 
loose  particles,  which  could  cause  an  electrical  short.  This 
was  due  to  the  nickel  plating  under  the  gold  being  very 
brittle.  Corrective  action  was  to  change  from  electroless 
to  electrolytic  nickel  plating  which  is  more  malleable.  2.) 
Pitting  occurred  in  the  plasma  weld  area  during  the  weld, 
sometimes  causing  a  leak.  The  cause  was  traced  to 
phosphorous  which  was  deposited  in  the  electroless 
nickel  plate.  Plating  was  masked  from  this  area  and  a 
clean,  leak-free  weld  is  now  obtained. 

Future  Plans 

The  only  significant  deficiency  remaining  in  the 
TMXO  is  its  performance  under  vibration  for  frequencies 
greater  then  1500  Hz.  To  solve  this  problem  a  structural 
re-design  is  being  investigated.  The  current  concept  is  to 
replace  the  tubes  and  polyamide  bumpers  with  a  low 
conductivity  cylinder  with  thick  film  traces  to  connect  to 
the  header.  We  presently  intend  to  incorporate  active 
acceleration  compensation  via  external  electrical  circuitry 
once  the  resonances  have  been  removed. 
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Engineering  models  of  the  improved  TMXO  have 
been  delivered.  Twenty  Confirmatory  Samples  containing 
all  the  improvements  will  be  built  after  completing  the 
engineering.  Closely  similar  models  are  currendy  being 
manufactured  and  delivered  to  the  OEM  market. 

As  a  lower-cost  alternative,  we  are  developing  a 
larger,  foam-insulated  version,  using  the  same  crystal  unit 
and  hybrid  circuitry,  but  a  different  hybrid  package.  An 
early  version  of  this  configuration  has  been  made  using 
standard  polyurethane  foam.  We  plan  to  replace  the 
polyurethane  with  microporous7  insulation.  This  alternate 
configuration  is  expected  to  be  a  substantially  lower  cost 
unit,  but  with  somewhat  higher  power  consumption  and 
increased  size. 
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Abstract 

The  information  required  to  do  good  low-phase- 
noise  design  is,  for  the  most  part,  already  in  the  literature 
under  different  titles.  Low-noise  audio  design  is  concerned 
with  optimizing  amplitude  signal-to-noise  ratio. 
Instrumentation  amplifier  design  isolates  the  desired  signal, 
using  bridge  configurations,  (control  of  common  mode 
rejection  ratio  (CMRR)  and  power  supply  rejection  ratio 
(PSRR))  from  interfering  noise  and  line  harmonics. [1,23] 
Concerns  with  operating  point  stability  at  the  microvolt 
level  lead  to  awareness  of  dielectric  quality,  thermal 
stability,  and  bias  balance  requirements.  At  a  large 
laboratory  there  are  numerous  sources  of  electromagnetic 
interference.  Switching  power  supplies,  clock  and  computer 
radiation,  motor  start-up  surges,  and  fluorescent  light  spikes 
are  as  hostile  an  electromagnetic  environment  as  a  power 
utility  substation.  Critical  applications  require  that  such 
interference  be  considered  in  the  basic  circuit  design.  A 
balanced  circuit  resembles  (or  can  be  successfully 
encouraged  to  do  so  by  the  designer)  a  parallel,  two  wire 
transmission  line,  providing  for  rejection  of  external 
electromagnetic  noise. 

The  focus  of  this  paper  is  integrating  these 
considerations  into  basic  designs.  A  radio  frequency  (RF) 
isolation  amplifier  will  be  used  to  illustrate  the  concepts. 
I  will  discuss  component  selection  and  circuit  details  of  the 
completed  device  and  show  how  these  affect  both  AM  and 
phase  noise  (PM)  performance. 

RF  design  in  a  phase  noise  context 

It  is  important  to  have  full-time  access  to  a 
relatively  low-noise  source  (crystal  oscillator),  and 
equipment  to  measure  amplitude  and  phase  noise.  Good 
low-amplitude  noise  design  is  not  the  same  as  low  phase- 
noise  design,  although  the  two  are  related.  To  aid  my  own 
visualization,  I  think  of  phase  modulation  occurring  in 
series  and  shunt  modes.  (Figure  1) 

* 

Contribuition  of  the  U.S.  Government,  not  subject  to 
copyright. 


circuit,  all  3  of  these  will  be  occurring  simultaneously  to 
one  degree  or  another. 

To  the  extent  that  a  circuit  element  or  stage  is 
nonlinear  with  frequency,  that  stage  forces  a  phase  shift  in 
whatever  signal  passes  through  it.  Baseband  noise  and 
thermal  drift,  present  with  the  desired  signal,  will  act  as 
variables  in  the  modulators  (Fig.  1)  and  therefore  modulate 
the  desired  signal. 

Standard  microwave  radio  frequency  (RF) 
amplifier  designs,  (as  presented  by  computers  —  variations 
on  the  microstrip  matched,  grounded  emitter,  capacitance 
coupled,  single  ended  (class  A  or  C)  configuration),  present 
their  basic  characteristics  as  reasons  for  me  to  suspect  them 
of  being  poor  phase  noise  performers. 

High-Q  (>  =1)  resonant  circuitry  is  undesirable 
because  a  major  mechanism  of  phase  modulation  is  the 
reactive  slope  at  any  one  point.  The  steeper  the  slope  is, 
the  higher  the  modulation  efficiency  and  the  higher  the 
temperature  coefficient. 

Some  form  of  emitter  or  source  degeneration  is 
crucial  to  obtaining  low  phase-noise  performance. 
Resistance,  emitter  to  ground,  improves  operating  point  or 
baseband  stability  and  improves  signal  linearity.  Thermal 
instability  is  a  major  contributor  to  low  frequency  noise, 
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below  a  few  hertz,  and  amplitude  nonlinearity  reduces 
power  supply  rejection  as  well  as  introducing  an  unstable 
element  into  the  modulators  (Fig.  1). 

Bipolar  transistors  have  more  gain  at  low 
frequencies  than  at  radio  frequencies.  Caparitively  coupled 
bipolar  amplifiers  can  accumulate  baseband  noise  faster 
than  desired  signal,  with  each  succeeding  stage  effecting 
amplitude  modulation  (AM)  to  phase  modulation  (PM) 
conversion  of  the  amplified  baseband  noise. 

The  single-ended  amplifier  stage  has  no  low 
frequency  power  supply  noise  rejection,  and  no  common¬ 
mode  noise  rejection  (Fig.  5).  This  is  because  signal 
currents  share  tne  ground  return  with  operating  (B  +  ) 
currents  and  input-to-output  signal-ground  currents 
(assuming  capacitor  coupling). 


signals  that  will  compromise  the  noise-fioor.  While  a 
balanced  RF  amplifier  can  achieve  a  useful  degree  of 
common-mode  isolation,  this  reduces,  but  does  net 
eliminate,  requirements  for  control  of  common-mode 
signals  and  noise. 

Ohm’s  law  (E  =  IR)  describes  what  happens.  1  will 
expand  that  a  little  for  these  purposes: 

(CMRRWEf  =  I  X  /  common-mode  ground  path 
Circuit  gain  l  resistance  +  reactance 


where 

E  =  acceptable  limit  of  interfering  signal  or  desired 
circuit  noise  floor 


Transmission  line  transformers  are  a  good  solution 
for  interstage  coupling  at  radio  frequencies.  When 
impedance  matched  and  compensated,  these  devices  can 
give  a  flat  reactive  slope  around  design  center,  while  at  the 
same  time,  effect  impedance  transformation  and  phase 
inversion,  necessary  for  balanced  amplification.  Because  of 
their  transmission  line  construction,  they  also  cancel 
external  field  pickup  and  radiation.[4,5] 

The  balanced  amplifier  configuration  allows  use  of 
emitter/source-coupled  pairs,  the  basic  instrumentation 
amplifier  form  which  provides  isolation  from  power  supply 
rail  noise  and  common  mode  ground-plane  noise.[2,3]  The 
transformer  coupled  push-pull  pair  also  allows: 


I  =  common  mode  noise  current  that  will  produce  E 

CMRR  =  In  this  case,  this  is  a  complex  term  including, 
but  not  necessarily  dominated  by,  a  calculated  figure.  The 
amplifier  physical  ground  path,  as  a  percents  of  the 
overall  ground  path  (the  path  along  which  common  mode 
signals  are  conducted),  and  the  angular  orientation  of  that 
amplifier  ground  path  relative  to  noise  current  flow,  will 
determine  the  percentage  of  noise  signals  generated  by 
common  mode  currents  which  will  be  injected  into  the 
amplifier.  Then,  the  amplifier’s  CMRR  (if  any)  will  act  to 
isolate  the  desired  signal  from  this  resultant  noise.  A  real 
number  for  total  CMRR,  in  this  case,  is  more  accurately 
arrived  at  experimentally. 


-  Direct  current  paralleling  of  devices  to  reduce 
device  generated  noise. 

-  Common  mode  isolation  from  input  to  output. 

-  Low  amplitude-distortion  for  a  given  power 
dissipation. 

-  Cancellation  of  even  order  harmonics. 

-  Circuit  stray  capacitances  are  in  series  in  a  push- 
pull  stage  and  not  direct  shunts  to  ground.  This 
allows  wider  bandwidth  for  a  given  impedance 
level. 

-  Relatively  high  reverse  isolation  from  output  to 
input. 

-  A  large  resistance  or  constant  current  source  can 
be  used  in  the  emitter  circuit  without  appearing  in 
the  signal  path. 

Ground  path  continuity  and  mass  are  so  important 
that  they  almost  cannot  be  used  for  design  trade-off.  When 
we  start  looking  as  low  as  170  dB  below  the  signal,  ground- 
path  resistance  and  reactance,  adequate  for  lesser  dynamic 
ranges,  can  allow  development  of  common-mode  noise  and 


Circuit  requirements  will  fix  the  noise  floor  and 
circuit  gain.  Control  of  environment  will  reduce  interfering 
signals  to  some  unavoidable  minimum.  At  radio 
frequencies,  common-mode  isolation  is  limited  by  relatively 
unstable  stray  reactances.  After  the  other  terms  are 
optimized,  what  is  left  to  manipulate  is  the  ground  path 
characteristic. 

For  example,  take  three  sets  of  points  5.08  cm  (2 
inches)  apart.  One  set  is  connected  by  a  printed  circuit 
trace  1.575  mm  (0.062  inches)  wide.  Another  is  connected 
by  copper  wire  of  0.635mm  (0.025  inches,  #22)  diameter. 
A  third  set  is  centrally  located  on  the  unetched  copper  foil 
of  a  7.62cm  (3  inch)  by  12.7  cm  (5  inch)  printed  circuit 
card.  100mA  of  direct  current  and  then  4.5mA  RMS  at 
10MHz  was  applied  between  the  three  sets  of  printed 
circuit  board  pads  to  obtain  approximate  values  for 
resistance  and  reactance. 

Conclusive  RF  measurements  across  5.08  cm  (2 
inches)  of  a  continuous  copper  ground  plane  were  not 
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possible  in  the  time  available.  All  indications  were  that  the 
reactance  is  very  small,  approximately  0.1  ohm  or  less  at 
10MHz.  Experimental  estimates  of  the  trace  and  wire  over 
ground  plane  were  not  so  difficult  because  they  are  much 
larger  -  1.5  ohms  and  0.5  ohm  at  10MHz.  Estimates  of 
the  D  C.  resistances  are  0.0006  ohm  for  the  ground  plane, 
0.0015  ohm  for  the  wire,  and  0.015  ohm  for  the  trace.  This 
is  a  relatively  large  trace. 

The  difficulty  of  breadboarding  these 
measurements  puts  these  figures  in  the  -50%  to  +100% 
range  of  error.  They  do,  however,  give  a  good  indication 
of  the  large  difference  between  a  single  conductor  and  the 
continuous  ground  plane  when  it  comes  to  controlling 
common-mode  noise. 

For  example,  you’ve  got  a  single  ended  amplifier 
with  a  gain  of  X10,  and  a  maximum  allowable  interfering 
signal  of  luV.  If  you  have  been  able  to  get  the  current  of 
common  mode  line  harmonics  down  to  0.1mA,  the  required 
total  ground  plane  resistance  would  be  0.001  ohms. 

Active  Device  Considerations 

Available  devices  require  some  form  of  paralleling 
within  the  device  structure  to  get  a  low  noise-comer.  Large 
gate  area  in  junction  field  effect  transistors  (J-FET) 
produces  the  lowest  noise  but  the  highest  capacitance, 
limiting  frequency  response.[3j  The  U310  FET  die  is  a 
good  compromise  between  noise  and  speed.  The  multiple 
emitter  site,  ballasted  bipolar  transistor  configuration, 
desirable  for  stability  at  microwave  frequencies,  can  also  be 
stable  and  exhibit  low  noise  at  baseband. 

Since  high-Q  circuitry  will  produce  a  high  AM  to 
PM  conversion  factor  and  phase/temperature  instability, 
devices  with  low  interelectrode  stray  capacitances  are 
desirable  at  RF.  Small  capacitance  values  can  be  absorbed 
into  the  compensating  capacitance  of  the  transmission  line 
transformers  allowing  for  the  flattest  possible  response. [4] 
Moderate  to  low  operating  impedances  are  desirable 
because  less  inductance  is  required  for  a  given  frequency 
response  in  transformers.  I  have  experienced  trouble 
obtaining  flat  high  frequency  response  at  the  higher 
impedances  above  400  Q.  The  lower  the  circuit  impedance, 
the  less  the  effect  of  the  unavoidable  stray  capacitive 
reactance  also.  Strays  are  by  their  nature  unpredictable 
and  unstable. 

Junction  Field  Effect  Transistors  are  limited  to  the 
common-gate  configuration  to  keep  impedances  as  low  as 
practical  and  eliminate  adverse  effects  of  reverse  transfer 
capacitance.  Microwave  bipolar  transistors  are  most  useful 


in  the  common  emitter,  emitter-coupled  pair  configuration 
now,  but  better  low  impedance  transformer  designs  may 
extend  bipolar  possibilities  by  allowing  efficient  use  of 
common  base  configurations. 

Capacitor  Considerations 

-  Capacitance  temperature  stability 

-  Dielectric  loss  temperature  stability, 

-  Absorption  (environmental  stability),  aging,  internal  and 
package  mechanical  stability  (microphonics) 

-  Capacitor  value  reactance  at  frequency  of  interest,  case 
and  lead  reactance 

-  Capacitor  reactance  at  baseband 

-  For  use  in  signal  path,  stacked  foil  Mylar,  wound  foil 
Mylar  and  polypropylene  are  low  inductance  and  high 
dielectric  quality 

-  Use  solid  tantalum  only  where  an  electrolytic  is  required 

Inductor  Considerations 

-  Inductance  temperature  stability 

-  Control  of  radiation  and  rejection  of  external  magnetic 
fields 

-  Microphonics 

-  Resonance  effects  at  signal  center  frequency  and  baseband 

-  The  ferrite  loaded  transmission  line  transformer  optimally 
applied  resolves  most  inductor  considerations  and  also 
allows  implementation  of  a  balanced,  non-resonant  RF 
amplifier. 

Resistors 

-  Because  of  their  superior  noise  and  thermal  performance, 
I  use  1%  metal  film,  conservatively  rated  resistors 
everywhere. 

Power  Supply  Considerations 

Three-terminal  regulator  broadband-noise  output 
is  approximately  -135  dBV/Hz  as  viewed  on  an  audio 
spectrum  analyzer  out  to  400  kHz.  Depending  on  the 
power  supply  rejection  ratio  and  the  AM  to  PM  conversion 
factor  of  the  circuit  in  question,  this  could  easily  set  the 
broadband  phase  noise  floor.  Single-ended  circuitry  almost 
does  not  have  a  PSRR.  Class  A  and  C  amplifiers  and  most 
forms  of  logic  are  offenders  in  this  way.  (Figure  5)  If  the 
power  supply  situation  can  accommodate  the  additional 
voltage  drop  and  power  dissipation,  and  if  the  remaining 
close-in  noise  is  not  a  problem,  a  simple  resistor/capacitor 
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(R/C)  filter  will  reduce  rail  AM  noise  below  where  it  will 
be  a  major  contributor  to  circuit  phase  noise  performance. 
(Figure  2) 


Audio  noise  at  LM317  output  (  +  15V) 
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Audio  noise  after  RC  filter  ( +  12V) 
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Figure  2. 


When  output  shunt  capacitance  approaches  some 
fraction  of  input  capacitance  or  there  is  reactance  on  one 
of  the  legs,  three-terminal  regulators  can  oscillate.  They 
are,  after  all,  gain  blocks.  This  oscillation  may  not  be 
obvious  or  even  visible  with  an  oscilloscope.  But  it  will  get 
into  sensitive  circuitry  and  cause  increased  noise,  instability, 
an  H  even  intermittent  thermal  shut-down  of  the  regulator. 
Il  ase  noise  is  a  major  consideration,  a  better  solution  is 
to  build  a  discrete  regulator  using  a  precision  reference, 
low-noise  operational  amplifier,  and  a  pass  device.  This 
can  produce  a  power  supply  noise  floor  of  approximately  - 
160  dBV/Hz,  but  even  here,  the  most  critical  situations  will 
require  some  kind  of  postfiltering.  (Figure  3  and  Figure  4) 


Audio  noise  at  output  (  +  12V  at  30  mA.) 
1Hz  -134dBV/Hz 
10  -150 

100  -160 
1000  -161 
10000  -161 
25000  -161 


Figure  3. 


Simple  additional  active  low-pass  filtering  can  be  added 
after  the  regulator  when  current  or  close-in  noise 
specifications  require.  This  circuit  also  isolates  the 
regulator  from  any  large  shunt  capacitor  required  for  a 
single-ended  stage.  (Figure  4) 
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M  Is  measurement  system  limited 


J10S  JTET  Regulator 
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Figure  4.  Two  low  noise  clean-up  followers  and  one 
regulator.  Noise  measured  at  30  mA  current. 
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Baseband  resonances  in  the  B+  decoupling  networks  can 
generate  noise  peaks.  Common-mode  or  bias  currents 
circulate  equally  in  the  active  device,  decoupling  circuitry, 
power  supply,  and  ground  path.  These  are  all  in  series  for 
low-frequency  noise.  Capacitors  used  as  high  frequency 
ground  returns  and  filters  will  be  completely  transparent  at 
very  low  frequencies. 

(Figure  5) 


Can  Auction  m  matching 
circuit  for  pouar  %upf>\y 
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provick  scfemtont lal  voltage  gain. 


Figure  5. 

Figure  6  is  a  representation  of  a  noise  floor  peak  initially 
observed  during  phase  noise  testing  of  a  circuit.  The  same 
peak  was  observed  on  the  power  supply  rail.  Eliminating 
an  accidental  resonance  in  decoupling  circuitry  removed 
both  peaks. 


Figure  6. 


RF  Isolation  Amplifier 

Here  is  an  isolation  amplifier  for  the  lower  clock 
frequencies  (1  to  10MHz)  using  readily  available 
commercial  components.  (Figure  7) 


Figure  7 


Input  and  output  need  not  be  ground  referred;  this 
allows  very  high  input-to-output  common-mode  isolation. 

Substituting  optimized  custom  transformers  for  the 
commercial  units  can  substantially  expand  the  bandwidth. 

CONSIDERATIONS:  (Figure  7) 

-  Gain:  +8dB,  1  to  12MHz  (-ldB,  80kHz  to  15  MHz; 
-3dB,  50kHz  to  26MHz) 

-  Reverse  isolation:  z  34dB,  10kHz  to  670MHz 

-  PSRR:  for  drain  volts,  +  IV,  (at  output  18dBM) 
s  +1MV 

-  Input  level  for  compression  at  10MHz:  +  lldBM/O.ldB, 
+  16dBM/ldB 

-  Phase  change  with  temperature  at  10MHz:  s  01o/10°C 
to  60°C 

-  Phase  noise:  see  Table 

-  Linearty:  sec  Table 

SSB  Phase  Noise  Harmonic  Distortion  Data 

Frequency  Levels 
Input:  ±  lOdBm  @  5MHz  Input: _ 


Hz  from 

dBV/Hz 

5MHz 

Output: 

+  lOdBm 

+  7dBm 

the  carrier 

1 

-136 

5MHz 

+  18dBm 

+  15dBm 

10 

-146 

10MHz 

-81dBc 

-79dBc 

100 

-156 

15MHz 

-65dBc 

-68dBc 

1000 

-166 

20MHz 

—Signals  below- 

10000 

-174 

25MHz 

measurement  floor 

25000 

-174 

Testing  Notes 


At  the  lower  signal  levels,  accidental  common¬ 
mode  ground  noise,  both  coherent  line  harmonics  and 
broadband  noise,  will  probably  be  the  biggest  obstacle  to 
a  repeatable  test  setup.  Also,  slow  line  variations  will 
disturb  long  sweep  time  measurements.  In  my  own 
laboratory,  I  run  all  equipment  involved  in  a  particular  test 
off  one  line-conditioning  ferro-resonant  transformer.  Then, 
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in  addition  to  signal  grounds,  I  run  chassis-to-chassis 
ground  straps. 

After  a  carrier  has  been  phase-detected,  the 
resultant  information  is  amplitude  noise,  equivalent  to  the 
phase  noise.  The  relationship  between  the  two  is  the 
phase-detector  sensitivity  [6,7]  Almost  any  indicating  device 
can  be  used  after  a  low-noise  preamplifier.  Values 
indicated  by  various  analyzers  or  even  a  single  frequency 
(for  example  1  Hz  center  frequency)  operational  amplifier 
filter  [8]  can  be  normalized  to  a  1  Hz  bandwidth  to  provide 
interchangeability  of  numbers.  There  is  a  limitation  in  that 
filter  bandwidth  must  be  equal  to  or  less  than  one  tenth  of 
the  filter’s  center  frequency.[9|  Resultant  calibration  can  be 
verified  using  the  precision  noise  source  described  in  NIST 
paper,  "Accuracy  Model  for  Phase  Noise  Measurements." 
[10J  This  and  some  other  papers  relevant  to  phase  noise 
analysis  are  listed  in  the  bibliography. 

To  observe  the  AM-to-PM  conversion  of  an  RF 
amplifier,  amplitude  modulate  the  RF  signal  at  some  low 
level  (-80  dBc)  with  a  high  quality  modulator,  then  measure 
the  resultant  phase  noise  side  bands  at  the  amplifier  output. 
This  can  give  real-time  feedback  on  the  effects  of  circuit 
changes. [6)  (Figure  8) 
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Figure  9  is  a  block  diagram  of  the  test  setup  used 
to  evaluate  the  FET  iso-amplifier.  I  used  two  iso-amplifiers 
to  get  the  same  conditions  at  both  inputs  of  the  phase 
detector  .  The  resultant  figure  is  the  sum  of  the  noise  of 
the  two  amps.  Phase  noise  coherent  to  the  two  amplifiers 
under  test,  such  as  phase  noise  induced  by  common  power 
supply  noise,  will  cancel  in  the  phase  detector.  This  has 
been  known  to  give  painfully  misleading  test  results. 
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Figure  10  shows  a  block  diagram  of  a  common 
form  of  quadrature  phase  noise  measurement  system 
Measuring  original  oscillator  phase  noise  is  somewhat 
complicated  in  that  at  least  two  identical  oscillators  that  can 
be  phase  locked  to  each  other  are  required.(6,10)  A  single 
oscillator  and  -3dB  coupler  will  provide  the  two  coherent 
signals  for  other  tests.  However,  a  second,  non-critical 
oscillator  will  be  required  for  calibration. [7,10J 
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The  amplitude  noise  test  results  reported  for 
figures  2,  3,  and  4,  have  a  repeatability  range  of  ±  1  to  2 
dB.  The  phase  noise  figures  quoted  for  the  amplifier  in 
figure  7  are  ±  2  to  3  dB.  More  time  with  the  same 
equipment  will  yield  better  accuracy. 

Low-Amplitude-Noise  Preamplifier 

Figure  1 1  is  a  low-noise  video  preamplifier  using  standard 
parts  which  can  be  used  in  front  of  a  standard  or  fast 
Fourier  transform  (FFT)  spectrum  analyzer  to  evaluate 
amplitude  noise.  It  can  also  be  used  after  a  phase  detector 
for  the  evaluation  of  phase  noise. 

OUTPUT  NOISE 
(with  shorted  input) 

1Hz  -139dBV/Hz 
10  -167 

100  -171 
1000  -170 
10000  -170 

All  amplitude  measurements  in  this  paper  used  this  pre 
amp.  It  is  the  limiting  factor  on  some  of  them.  An  "M”  by 
a  figure  means  measurement  limited. 


Figure  9 
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CONCLUSION  Initial  design,  component  selection,  layout,  power 

supply  requirements,  and  control  of  environment  are  each 
When  signal  considerations  extend  160dB  or  more  crucial  in  a  high  performance  situation.  Since  phase  noise 

below  the  carrier,  calculated  incremental  design  solutions  is  cumulative  (multiplicative)  for  an  entire  system,  system 

can  reach  a  point  of  diminishing  returns.  Attempting  to  performance  will  be  somewhat  worse  than  the  single  worst 

optimize  as  many  design  parameters  as  possible  right  from  gain  block  or  device  in  a  system.  Achieving  low  phase- 

the  start  will  save  a  lot  of  time.  Since  amplitude  noise  is  noise  system  performance  requires  careful  attention  to 

a  major  source  of  phase  noise,  a  good  beginning  is  to  every  individual  function  block  in  that  system, 

design  the  lowest  amplitude  noise  circuit  possible.  Then 

make  the  reactive  slopes  of  that  circuit  as  flat  as  possible,  Acknowledgements 

and  allow  some  form  of  emitter/source  degeneration. 

I  thank  Dr.  Fred  Walls  for  a  great  deal  of 
Use  of  phase-noise  measurement  equipment  to  productive  discussion,  and  the  other  re/iewers  who  guided 

obtain  real-time  empirical  feedback,  as  regards  the  effects  this  paper  to  its  final  form.  The  regulator  of  Figure  3  is 

of  design  changes,  is  important  in  this  area  of  design  that  the  result  of  a  conversation  with  Emmit  Kyle,  United  States 

is  not  yet  fully  understood.  Using  this  paper  and  the  Navy, 

reference  publications,  fabrication  of  a  basic  phase-noise 
measuring  system  capable  of  producing  verifiable 
documentation  can  be  accomplished  in  the  average  anaiog 
laboratory  using  existing  equipment. 


628 


References 


[1]  “Amplifier  Techniques,'  R331-351  and  “Electrical 
Characteristics,"  61-66,  C.  OP-AMP  Cookbook  3rd  ed.. 
Walter  G.  Jung,  (Howard  W.  Sams  and  Co.  1986). 

[2]  "Emitter  Coupled  Differential  Amplifier,"  pp.  111-120 
and  "Common  Mode  Rejection  Defined,"  115,  GE 
Transister  Manual.  7th  ed.  (General  Electric  Co.  1964). 

(3]  "An  Introduction  to  FETs,"  7-11  and  “FETs  in 
Balanced  Mixers  (U431),"  55-64,  Siliconix  FET  Data  Book. 
(Siliconix  Inc.  1986). 

(4]  Jerty  Sevick,  Transformer  Analyses,"  and  all  of 
Transmission  Line  Transformers.  (American  Radio  Relay 
League  1987). 

(5]  Broadband  Transformer  Design  Information,  Iron- 
Powder  and  Ferrite  Coil  Forms.  (Amidon  Associates  Inc. 
1989). 

[6]  F.  L.  Walls,  C.M.  Felton,  A.  J.  D.  Clements,  "Accuracy 
Model  for  Phase  Noise  Measurements,”  Proc.  of  the  21st 
Annual  Precision  Time  and  Time  Interval  (PTO)  Meeting, 
Redondo  Beach,  CA,  Nov.  28-30,  1989,  pp.  295-310. 

[7J  D.  A.  Howe,  "Frequency  Domain  Stability 
Measurements:  A  Tutorial  Introduction,"  NIST  Tech  Note 
679,  1976. 

[8]  Don  Lancaster,  "Multiple-Feedback  Bandpass  Circuit," 
Active  Filter  Cookbook.  (Howard  W.  Sams  and  Co.  1988). 

[9]  F.  L.  Walls  and  S.  R.  Stein,  "Accurate  Measurements 
of  Spectral  Density  of  Phase  Noise  in  Devices,"  Proc.  of  the 
31st  Annual  Frequency  Control  Symposium,  1977,  pp.  335- 
343. 

[10]  F.  L.  Walls,  A.  J.  D.  Clements,  C.  M.  Felton,  M.  A. 
Lombardi,  and  M.  D.  Vanek,  "Extending  the  Range  and 
Accuracy  of  Phase  Noise  Measurements,"  Proc.  of  the  42nd 
Annual  Frequency  Control  Symposium,  Baltimore,  MD, 
June  1-4,  1988,  pp.  432-441. 


629 


FORTY-FOURTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 

THE  APPLICATION  OF  KALMAN  FILTERS  AND  ARIMA 
MODELS  TO  THE  STUDY  OF  TIME  PREDICTION  ERRORS  OF 


CLOCKS  FOR  USE  IN  THE  DEFENSE  COMMUNICATION 


SYSTEM  (DCS) 


S.  R.  Stein*  John  Kvans 

Rail  Communication  Systems  Division  Defense  Communications  Kiigituvring  Center 
P.O.  Box  I2df>  1  Stiff  Wiehle  Ave 

Broomfield,  CO  80020  Boston,  VA  22000 


Introduction 

I'lic  floats  of  this  study  were  to  develop  and  demonstrate 
techniques  for  obtaining  optimum  timekeeping  performance 
from  precision  station  clocks  Kalman  filters  and  ARIMA 
models  were  used  to  study  the  predictability  of  precision 
clocks  based  on  quartz,  rubidium  and  cesium  technology. 
The  software  performing  the  time  prediction  error  analysis 
utilized  either  Kalman  filters  or  AIIIMA  models  to  estimate 
the  time,  frequency,  and  frequency  aging  of  a  clock  over  an 
initial  calibration  interval  and  then  forecasted  into  the  'fu¬ 
ture'  for  intervals  from  one  minute  up  to  one  year.  The  fore¬ 
casts  were  compared  to  the  actual  time  of  the  clock  to  de¬ 
termine  the  forecast  error.  After  the  rms  forecast  error  was 
updafed  f>  r  «hcL  interval,  the  .darting  point  was  advanced 
and  tire  process  was  repeated.  This  technique  was  used  to 
study  the  performance  of  thirteen  clocks  over  a  two  year 
time  period.  Adaptive  versions  of  both  the  ARIMA  and 
Kalman  approaches  were  developed  using  real-time  estima¬ 
tors  of  t he  filter/model  parameters  Although  the  Kalman 
and  ARIMA  approaches  performed  forecasting  equally  well, 
the  Kalman  filter  technique  seems  most  advantageous  for 
operational  use  in  the  DCS 

Kalman  Filter  Approach 

The  Kalman  filter  used  for  this  study  was  based  on  the 
work  of  Jones  and  Tryon  [1].  The  clocks  are  assumed  to  be 
perturbed  by  continuous  noise  described  by  the  traditional 
power  law  spectral  density  model.  In  addition  to  the  usual 
white  I’M,  white  FM,  and  random  walk  FM  noises,  random 
walk  frequency  aging  is  included  for  some  clocks  in  order  to 
describe  the  time- varying  frequency  aging  often  observed  in 
quartz  oscillators  and  rubidium  frequency  standards.  The 
equations  of  motion  of  the  clock  are  written  in  matrix  form 

i{  t  f  b)  -  <P{ft)x(t)  +  r.s'(t+  rt|t)  F  ) 

*Wt»rk  hy  Defence  <  'onirmiiiicat  mti.s  Att«*n«v.  (niRnut 

No.  1 )(  A  100  SK('  H07 2 
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to  describe  the  evolution  of  the  time,  frequency  and  fro 
quency  aging  from  time  I  to  time  t  {  A  The  clock's  state 
vector,  x,  is 


where  u(<)  is  the  time,  x(t)  is  a  dummy  variable,  ;/(/)  is 
the  frequency  and  w(t)  is  the  frequency  aging.  The  noise 
vector  coni ains  the  noise  pert urhing each  <  lock  stale  during 
the  interval  A 

T(t  f  A|<) 

*'(t  f  *l<) 

,/(t  t  A|t) 
n'(t  t  A|f) 

The  state  transition  matrix,  •P,  describes  the  dynamics  of 
the  states  Kaeh  higher  state  is  the  integral  of  the  lower 
state  plus  an  additive  noise  term  which  causes  a  random 
walk  The  final  time  tins  tin  uuintegrated  white  noise  to 
account  for  additive  white  noise  of  the  (  loc  k. 

0  1  (■>  <V'/2 

0  1  A/2 

(l  0  1  P 

(I  (I  0  1 

T  he  /’  matrix  describes  the  coupling  of  the  noise  from  the 
internal  phase  state,  .r’,  to  the  observable  state,  il 

1  10  0 
0  I  0  0 
0  0  1  0 
0  0  0  1 

Since  the  station  (  leaks  may  be  steered  to  a  reference  for 
purposes  of  net  work  synchronization,  the  vector  p  is  includ¬ 
ed  to  describe  the  control  inputs  to  the  clock.  Finally,  the 
observations  are  related  to  the  states  of  the  clock  by  the 
measurement  equation 


At  t  *|/) 
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z(t)  =  H(t)f(t)  +  v(t), 

where  z  is  the  vector  of  observations  and  v  is  the  white  noise 
perturbing  the  measurements.  In  this  study,  the  observa¬ 
tions  were  individual  clock  time  differences  with  respect  to 
the  US  NO  master  clock  and  the  measurement  equation  re¬ 
duces  to  a  scalar  relationsliip. 

From  tfiis  point  <  n,  the  clock  state  estimation  problem 
may  be  solved  using  Kalman’s  prescription.  The  plant  co- 
variance  matrix  and  recursion  for  the  Kalman  gain  are  not 
repeated  here  since  they  have  already  been  published  [2], 
An  excellent  general  description  of  Kalman  filters  appears 
in  Gelb  [3]. 

The  Kalman  filter  has  a  degree  of  robustness  due  to 
the  ust'  of  a  physical  model  to  describe  the  time  evolution 
of  the  states.  The  robustness  was  enhanced  by  deweight¬ 
ing  suspicious  observations,  i.c.,  outliers.  A  judgment  is 
made  whether  each  observation  is  consistent  with  the  noise 
processes  included  in  the  model.  The  squared  difference 
between  the  measurement  and  its  forecast,  the  innovation, 
is  compared  to  the  covariance  of  the  innovations.  When 
the  ratio  is  too  high  the  Kalman  gain  is  reduced  smoothly 
to  zero.  Thus,  the  information  content  of  suspicious  obser¬ 
vations  is  gradually  rejected.  This  avoids  any  discontinuity 
in  the  state  estimates  that  would  be  introduced  by  simply 
rejecting  the  suspected  outlier.  Such  an  approach  is  bene¬ 
ficial  since  the  discontinuities  that  arise  from  abrupt  data 
rejection  schemes  can  introduce  instabilities  in  complex  sys¬ 
tems. 

ARIMA  Modelling  Approach 

The  ARIMA  model  is  characterized  by  the  three  parameters 
(p,  d,  q).  It  is  written 

(l-0i  13 - 0PBP){1  -  D)dz(k)  = 

(1  -  (9,5 - 9qBq)a(k), 

where  the  backward  shift  operator  5  is  defined  by 

Bz(k)  =  z(k  -  1). 

The  backward  difference  operator,  V,  defined  by 
Vz(k)  =  z(k)  -  z(k  -  1)  =  (1  -  B)z(k), 
is  also  used. 

The  coefficient  p  is  the  order  of  the  autoregressive  oper¬ 
ator,  d  is  the  number  of  integrations,  and  q  is  the  order  of 
the  moving  average  operator.  The  elements  of  the  observed 
time  series  are  labeled  z(k),  and  the  a(k)  are  random  shocks 
drawn  from  an  ensemble  having  a  normal  distribution.  It  is 
assumed  that  the  observations  are  spaced  equally  in  time. 
Th  •  parameter  values  are  determined  from  a  study  of  the 
autocorrelation  function  of  the  observed  data.  The  auto¬ 
correlation  analysis  also  produces  initial  estimates  for  the 


coefficients  of  the  model.  Once  the  proposed  model  is  ob¬ 
tained,  the  best  values  for  the  coefficients  may  be  calculated 
using  the  maximum  likelihood  technique.  It  can  be  shown 
that  the  clock  model  used  in  this  study  for  Kalman  filter 
analysis  has  an  equivalent  ARIMA  model.  Tlie  derivation 
starts  with  the  measurement  model. 

z(t)  =  u(t)  +  v(t) 

Next,  the  state  equations  are  used  to  eliminate  the  time  of 
the  dock,  u(t )  and  then  each  remaining  state  of  the  clock 
in  turn  until  an  equation  is  obtained  for  the  observations 
in  terms  of  the  noise  perturbing  the  clock.  For  the  most 
general  clock  model  used  here  (a  clock  with  white  phase 
noise,  white  frequency  noise,  random  walk  frequency  noise, 
and  random  walk  frequency  aging  noise)  the  equation  for 
the  time  observations  is 

V3zO t)  =  V3[J'(k  -  1)  +  v(k)}  +  VV(Jfc  -  1) 

+  6V q'(k  -  2)  +  6-[a\k  -  3)  +  ^n'(fc  -  2)]. 

Examination  of  this  equation  leads  to  the  conclusion  that 
there  are  no  autoregressions,  there  are  three  integrations 
and  the  noise  inputs  involve  zero  through  three  lags.  The 
equivalent  ARIMA  model  is  (0,3,3). 

V3z(k)  =  a(k)  -  0\d(k  -  1)  -  02a(fc  -  2)  -  93a{k  -  3) 

The  relationsliip  between  the  coefficients  0],02.03,  and  n\ 
on  the  one  hand  and  cr*  +  aj,.  o$r  o^,  and  <t£,  on  the  other 
is  derived  by  equating  the  autocorrelation  functions  of  V32 
for  zero  through  three  lags  for  the  two  representations. 

Adaptive  Approaches 

It  is  possible  to  estimate  the  noise  spectral  densities  re¬ 
quired  by  the  Kalman  filter  by  supplementing  the  usual  re¬ 
cursion.  This  was  accomplished  by  analyzing  the  variance 
of  the  Kalman  filter  innovations.  The  innovation  is  the 
difference  between  what  was  measured  and  the  predicted 
measurement  -  it  is  simply  the  one  step  ahead  time  predic¬ 
tion  error.  Like  the  Allan  variance  analysis,  which  is  per¬ 
formed  on  unprocessed,  uniformly  sampled  measurements, 
the  innovation  analysis  requires  only  a  limited  memory  of 
past  data.  However,  the  forecasts  provided  by  the  Kalman 
filter  allow  the  computation  to  be  performed  at  arbitrary 
intervals  once  the  algebraic  form  of  the  innovation  variance 
has  been  calculated.  Also,  the  Allan  variance  Is  not  defined 
for  noise  processes  more  divergent  than  random  walk  FM, 
but  the  variance  of  the  innovations  is  well  behaved  because 
the  state  equations  account  for  the  appropriate  degree  of 
nonstationarity. 

Details  of  the  method  have  been  published  previously 
[2].  Simulation  testing  was  performed  to  demonstrate  the 
accuracy  of  the  method  and  it  was  used  in  all  the  Kalman 
forecast  analysis.  Figure  1  shows  the  real-time  estimate  of 


631 


Time  (cloy*,) 

l'  iK'ii'1'  1  TIm*  random  walk  FM  of  dock  ft  increases  ,1  orders 
ot  magnitude  in  2  years 

the  random  walk  FM  of  clock  !).  The  result  is  start  linn 
because  of  the  three  order  of  mannifude  increase  in  noise 
level  over  the  two  years  of  observation  The  increase  was 
confirmed  by  Allan  variance  analysis  of  the  tune  measure¬ 
ments.  In  an  operational  situation  such  a  dramatic  <  hange 
in  the  noise  of  a  clock  could  be  used  to  trinner  appropriate 
maintenanc  c. 

A  real-time  technique  was  also  developed  to  estimate 
the  parameters  for  AR1MA  modelling  (4|.  Random  shocks 
are  calculated  from  the  inverse  model  using  the  current  es¬ 
timates  of  the  parameters.  Negative  feedback  is  applied  to 
update  the  estimate  of  the  nth  moving-average  parameter 
by  an  amount  proportional  to  the  product  of  the  current 
random  shock  and  t he  one  n  samples  earlier.  Since  t lie  true 
model  reduces  t  lie  random  shocks  to  a  white  sequence,  t  fie 
autocorrelation  function  is  zero  for  till  lags  when  the  pa¬ 
rameter  values  are  correct  and  the  negative  feedback  drives 
the  parameters  to  these  values.  The  technique  works  well 
when  the  parameters  are  not  too  close  to  the  boundary  of 
the  region  of  invert ibility.  Unfortunately,  this  was  not  the 
case  for  the  clocks  and  sample  rates  chosen  in  this  study 
and  the  previously  described  Kalman  filter  technique  was 
used  to  overcome  this  difficulty 

Model  Identification 

Quartz  and  rubidium  oscillators  are  perturbed  by  various 
levels  of  white  phase  noise,  white  frequency  noise,  random 
walk  frequency  noise,  and  random  walk  frequency  aging 
noise.  The  random  walk  of  the  frequency  aging  is  often  ig¬ 
nored,  but  it  lias  been  included  in  this  study  to  take  into  ac¬ 
count  the  cfianges  in  frequency  aging  which  arc  always  seen 
in  these  types  of  oscillators.  In  general,  the  more  param¬ 
eters  and  states  that  must  fie  estimated  in  the  modelling 
or  filtering  process,  the  worse  the  parameter  estimates  and 
the  time  forecasts  will  L  . .  The  biggest  challenge  in  model 


identification  is  to  eliminate  unnecessary  states  and  param¬ 
eters.  Thus,  it  was  found  that  white  frequency  noise  wa- 
masked  by  the  high  level  of  white  phase  noise  for  all  of  the 
quartz  and  rubidium  (  locks  In  addition,  the  random  walk 
frequency  noise  dominated  the  white  phase  noise  in  two  of 
the  quartz  oscillators.  The  most  general  model  for  a  cesium 
frequency  standard  includes  white  phase  noise,  white  fre¬ 
quency  noise,  and  random  walk  frequency  noise  There  is 
no  frequency  aging  in  healthy  cesium  clocks  and  no  random 
walk  frequency  aging  noise  is  needed. 

Model  identification  was  performed  using  a  combination 
of  IJox-Jcnkins  [5j  AIUMA  analysis  techniques.  Kalman  fil¬ 
ter  analysis,  and  model  independent  analysis  techniques 
such  as  thi'  Allan  variance.  The  AIUMA  models  were  in¬ 
verted  to  calculate  the  random  shocks  which  would  have 
produced  the  observations  if  the  model  were  valid  These 
shocks  were  tested  for  whiteness  using  both  the  cumula¬ 
tive  antoperiodogruiii  and  spectrum  analysis  Kalman  fil¬ 
ter  real-time  parameter  estimation  was  used  to  test  for  the 
existence  of  candidate  noise  types  and  to  determine  nom¬ 
inal  vallC's  In  the  end.  the  forecast  analysis  was  the  final 
determinant  the  best  model  was  defined  to  be  the  model 
which  yielded  the  smallest  time  prediction  errors 

Table  1  lists  the  nominal  physical  models  for  all  the 
clocks  The  table  lists  value  of  the  spectra!  density  or  vari¬ 
ance  of  each  noise  type  ,S’j  the  spectral  density  of  the 
white  FM;  St ,  is  the  spectral  density  of  the  random  walk 
FM;  .*\  is  the  spectral  density  of  the  random  walk  of  fre¬ 
quency  aging;  and  n;  is  the  variance  of  the  white  PM  For 
simplicity,  all  the  whit)*  I’M  is  attributed  to  the  me  as  mo¬ 
ment  process  and  J',  the  clock  whiie  PM.  is  assumed  to 
be  zero.  Thi*  relationship  of  the  spectral  density  param 
•'tors  in  Table  1  to  the  traditional  h  coefficients  and  the 
Allan  variance  is  given  in  Table  2.  The  physical  models 
for  all  the  quartz  and  rubidium  clocks  were  characterized 
by  nonzero  random  walk  FM  and  random  walk  frequency 
aging.  The  white  FM  which  one  would  normally  expect 
to  so*  in  the  rubidium  frequency  standards  was  below  the 
level  of  tin*  other  noises  and  was  omitted  from  all  tin*  ru¬ 
bidium  and  quartz  models.  A  white  PM  like  noise  should 
be  expected  as  a  result  of  t lie  one  nanosecond  resolution 
of  the  measurement  system  used  to  collect  the  data.  It 
was  measured  for  all  the  clocks  except  the  two  quartz  os¬ 
cillators  which  were  sampled  at  one  hour  intervals.  The 
random  walk  FM  of  the  quartz  oscillators  was  sufficiently 
large  to  dominate  the  white  PM  at  this  long  sample  time 
The  physical  models  for  flu  cesium  clocks  included  white 
PM.  white  FM  and  random  walk  FM.  F  'orecast  analysis  was 
degraded  when  random  walk  frequency  aging  was  included 
in  the  cesium  clock  model.  The  best  results  were  obtained 
with  the  frequency  aging  of  the  cesium  clocks  permanent¬ 
ly  constrained  to  be  zero.  Table  3  lists  the  parameters  of 
the  preferred  ARJMA  models  for  each  clock.  They  were 
calculated  from  the  physical  models  using  the  previously 
described  technique. 
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Table  1:  Nominal  Kalman  filter  parameters 


|  Clock  No. 

Type 

Interval  (s) 

Aging 

(7 

V 

St 

5 

5c 

.  t 

Rb 

60 

yes 

5.9 

X 

10 

19 

urn 

5.0 

X 

10 

27 

4.0 

X  10 

Bl 

2 

Qz 

60 

yes 

4.0 

X 

10 

18 

mom 

1.0 

X 

10” 

27 

1.0 

X  10 

11 

— 

4 

Rb 

900 

yes 

6.0 

X 

10 

19 

0 

1.0 

X 

10 

29 

4.0 

X  10’ 

-44 

5 

Qz 

900 

yes 

1.0 

X 

10 

17 

0 

2.5 

X 

10 

27 

6.0 

X  10 

40 

7 

Rb 

900 

yes 

5.0 

X 

10 

19 

2.5 

X 

10 

30 

4.0 

x  10 

44 

8 

Rb 

3600 

yes 

7  5 

X 

10 

19 

0 

s 

10 

29 

_ 

1.0 

x  10 

Bl 

9 

Rb 

3600 

yes 

3.0 

X 

10 

19 

0 

m 

a 

KH 

Bl 

10 

Qz 

3600 

yes 

0 

0 

KH 

IS 

EH 

Bl 

11 

Qz 

3600 

yes 

0 

m 

s 

DU 

Bl 

6.8 

X 

10 

19 

0 

3.7 

X 

10 

30 

at 

15 

Cs 

3600 

no 

2.0 

X 

10 

18 

1.0 

x  10” 21 

2.0 

X 

10 

30 

0 

18 

Cs 

3600 

no 

9.0 

X 

10 

19 

2.2 

CN 

O 

rH 

X 

4.0 

X 

10 

34 

o  ! 

19 

Cs 

3600 

no 

8.7 

X 

10 

19 

2.0 

x  10- 22 

2.1 

X 

10 

33 

0 

RMS  Forecast  Error  Results 

Forecast  errors  for  the  clocks  were  analyzed  using  both 
Kalman  filters  and  ARIMA  models.  All  the  Kalman  fil¬ 
ter  analyses  ust'd  adaptive  models  A  minimum  calibration 
period  was  used  to  determine  starting  estimates  for  the 
time,  frequency,  frequency  aging,  and  noise  spectral  den¬ 
sities.  Typical  calibration  periods  were  10  days  for  quartz, 
oscillators  and  between  10  and  30  days  for  rubidium  and 
cesium  clocks.  Because  the  Kalman  analysis  used  real-time 
parameter  estimation,  the  calibration  periods  for  each  state 
and  each  parameter  adjusted  themselves  to  optimum  val¬ 
ues  determined  by  the  estimated  noise  levels.  Following  the 
initial  calibration,  forecasts  were  made  for  periods  of  one 
minute  to  one  year  in  the  future.  Then  the  filter  was  up¬ 
dated  to  the  next  available  observation  and  new  forecasts 
were  made.  All  the  forecast  errors  corresponding  to  a  pre¬ 
diction  interval  were  used  to  obtain  the  rms  forecast  error, 
or  time  prediction  error,  for  that  interval.  Although  the 
individual  forecasts  are  not  expected  to  be  independent  of 
one  another,  especially  for  long  forecasts,  this  method  pro¬ 
duces  unbiased  results  and  improved  confidence  compared 


to  the  method  of  nonoverlapping  estimates. 

The  ARIMA  analysis  of  the  rms  forecast  errors  was  per¬ 
formed  in  a  similar  manner.  The  parameters  were  esti¬ 
mated  using  both  real  time  parameter  estimation  and  the 
maximum  likelihood  method.  No  degradation  was  detected 
when  real-time  estimates  were  used  Two  approaches  were 
evaluated  for  th*  docks  which  Imu  random  walk  frequen¬ 
cy  aging  noise  -  the  use  of  the  ARIMA  (0,3,3)  model  or 
the  the  use  of  a  prefilter  to  estimate  aging  followed  by  the 
ARIMA  (0,2,2)  model  to  account  all  other  noise.  The  us*'  of 
the  ARIMA  (0,3,3)  model  was  always  problematic  for  these 
clocks.  In  most  cases  the  model  parameters  were  extreme¬ 
ly  close  to  the  singularity  in  the  likelihood  function  which 
occurs  at  the  boundary  between  the  invertible  and  nonin- 
vertible  models.  Parameter  estimation  was  not  feasible  for 
these  clocks.  In  those  cases  where  parameters  could  be  es¬ 
timated,  the  forecast  errors  which  resulted  from  the  us*'  of 
the  (0,3,3)  model  were  always  significantly  worse  than  those 
obtained  by  removing  the  effects  of  aging  with  the  prefilter. 
Thus  the  smallest  forecast  errors  t hr r  were  obtained  using 
ARIMA  modelling  corresponded  to  the  ARIMA  models  list¬ 
ed  in  Table  3. 


Table  2:  Relationship  between  spectral  densities  and  h  coefficients 


Spectral  Density 

h  Coefficient 

Allan  Variance 

Units 

SAt) 

(27r)-2Mt)/2 

t2<t2(t  ;  white  PM)/6/>, 

seconds3 

S((0 

h0(t)/  2 

t(72(t  ;  white  FM) 

seconds 

s,(t) 

(2zr)2/r  _2(  *)/ 2 

3<z2(t  ;  RW  FM)/t 

seconds"1 

s<(t) 

(2  7r)4/z  _  4  ( <)/  2 

not  defined 

seconds"3 
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Table  3:  ARIMA  (0,2, <7)  models  calculated  from  the  nominal  Kalman  filter  parameters. 


Clock 

Interval 

ARIMA 

0-, 

Aging  Prefilter 

1 

1  m 

(0,2,2) 

1.707 

-.744 

yes 

8.9  x  10  10 

2 

1  m 

(0,2.2) 

1.879 

-.886 

yes 

2.1  x  10  9 

4 

15  m 

(0,2,2) 

1.53 

-.62 

yes 

9.9  x  10  10 

5 

-.36 

yes 

'  -HI 

15  m 

(0,2,2) 

1.65 

-.70 

yes 

uam 

mm 

1  h 

-.15 

yes 

2.2  X  10  9 

9 

1  h 

(0,2,2) 

-.14 

yes 

10 

1  h 

(0,2,0) 

yes 

1.4  x  10“8 

11 

1  h 

(0,2,0) 

yes 

1.1  x  10"8 

12 

1  h 

(0,2,2) 

1.04 

-.33 

yes 

1.4  x  10  9 

15 

1  h 

(0,2,2) 

1.14 

-.24 

no 

3.7  x  10'9 

18 

1  h 

(0,2.2) 

1.3990 

-0.4019 

no 

1.5  x  10  9 

19 

1  h 

(0,2,2) 

1.4028 

-0.4096 

no 

x.5  x  Ur9 

The  rms  forecast  errors  obtained  using  the  Kalman  and 
ARIMA  methods  were  in  excellent  agreement  as  illustrat¬ 
ed  in  Fig.  2.  This  result  is  expected  theoretically  since 
both  methods  are  minimum  squared-error  techniques.  The 
influence  of  calibration  interval  on  the  forecast  errors  was 
studied  using  the  ARIMA  approach.  There  was  negligible 
affect,  as  shown  in  Fig.  3,  for  forecast  intervals  from  15 
minutes  to  43  days.  One  expects  this  result  theoretically  as 
long  as  the  calibration  interval  exceeds  the  time  at  which 
the  clock  has  its  best  stability.  This  condition  was  true 
for  dock  7,  a  rubidium  frequency  standard.  Finally,  Fig.  4 
summarizes  the  estimated  rms  forecast  errors  all  thirteen 
clocks.  It  can  be  seen  that  the  variation  of  forecast  errors 
for  the  clocks  of  one  model  was  almost  always  less  than 
the  difference  between  models.  For  times  longer  than  one 
day,  the  cesium  standards  had  the  smallest  forecast  errors. 
They  were  followed  in  order  by  one  model  rubidium  stan- 
d  'rd,  the  other  model  rubidium  standard,  and  finally  the 
cp  irtz  oscillators.  One  of  the  cesium  clocks  performed  in  a 
similar  fashion  to  the  best,  rubidium  clock. 

Conclusions 

Kalman  filters  and  ARIMA  models  were  used  to  st’  dy  the 
predictability  of  precision  clocks  based  on  quartz,  tubidium 
and  cesium  technology.  Some  of  the  results  of  the  study  are: 
improved  theoretical  models  for  clock  predictability;  empir¬ 
ical  evaluation  based  on  the  performance  of  thirteen  clocks 
over  a  two  year  time  period;  comparison  of  the  advantages 
and  disadvantages  of  Kalman  filters  and  ARIMA  models 
for  performing  clock  state  stimation  and  forecasting;  and 
the  development  of  adaptive  clock  models. 

Kalman  filters  and  ARIMA  models  were  expected  to 
yield  the  same  forecast,  errors  since  they  are  both  mini¬ 


mum  squared-error  estimators  and  this  conclusion  was  con¬ 
firmed  empirically.  The  actual  forecast  errors  also  agreed 
well  with  the  theoretical  predictions.  Adaptive  versions  of 
both  the  ARIMA  and  Kalman  approaches  were  developed 
using  real-time  estimators  of  the  filter/model  parameters. 
These  adaptive  versions  were  found  to  exhibit  time  predic¬ 
tion  errors  comparable  to  the  use  of  maximum-likelihood 
parameters.  To  make  it  possible  to  use  these  techniques 
in  practical  operational  situations,  robust  methods  of  out¬ 
lier  detection  and  time  and  frequency  step  detection  were 
implemented  for  both  the  Kalman  and  ARIMA  approaches. 


FORECAST  INTERVAL (DAYS) 

Figure  2:  Kalman  and  ARIMA  techniques  produce  equiva¬ 
lent  rms  forecast  errors. 
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CALIBRATION  INTERVAL  (DAYS) 

Figure  3:  Forecast  errors  are  nearly  independent  of  the  cal¬ 
ibration  interval. 

Although  the  Kalman  filters  and  ARIMA  models  per¬ 
formed  forecasting  equally  well,  the  Kalman  filter  technique 
seems  advantageous  for  operational  use.  The  Kalman  fil¬ 
ter  used  in  this  study  does  not  require  equally  spaced  da¬ 
ta,  nor  does  the  associated  real-time  parameter  estimation 
technique.  On  the  other  hand,  the  Box-Jenkins  ARIMA 
modelling  and  its  real-time  parameter  estimator  assume 
the  data  are  uniformly  spaced  and  must  be  patched  to 
deal  with  typical  operational  scenarios,  especially  under  ad- 


FORECAST  INTERVAL  (DAYS) 


verse  conditions.  In  addition,  the  Kalman  filter  uses  the 
known  clock  dynamics.  It  therefore  produces  optimum  re¬ 
sults  during  startup  and  in  response  to  transients,  wiien 
employed  with  time  and  frequency  step  detectors.  Finally, 
the  Kalman  real-time  parameter  estimator  automatically 
adjusts  to  maintain  maximum  sensitivity  to  each  parameter 
estimated.  The  standard  ARIMA  modelling  methodology 
would  require  significant  extension  to  have  all  these  capabil¬ 
ities:  the  Box-Jenkins  approach  assumes  steady  state  oper¬ 
ation;  it  is  easy  to  end  up  with  non-physical  models;  batch 
parameter  estimation  is  complicated  by  singularities  in  the 
maximum-likelihood  function;  and  the  ARIMA  method  of 
real-time  parameter  estimation  shows  measurable  biases. 
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for  Quartz  Crystal  Units  (Standard  Dimensions  for 
Holder  Types). 

EIA-367,  Dimensional  &  Electrical  Characteristics 
Defining  Receiver  Type  Sockets  (including  crystal 
sockets). 

EIA-417,  Crystal  Outlines  (Standard  dimensions 
and  pin  connections  for  current  quartz  crystal 
units-1974). 

(b)  Production  Tests 

EIA-186-E,  (All  Sections),  Standard  Test  Methods 
for  Electronic  Component  Parts. 

EIA-512,  Standard  Methods  for  Measurement  of 
Equivalent  Electrical  Parameters  of  Quartz  Crystal 
Units,  1  kHz  to  1  GHz,  1985. 

EIA/IS-17-A,  Assessment  of  Outgoing 
Nonconforming  Levels  in  Parts  Per  Million  (PPM). 

EIA-IS-18,  Lot  Acceptance  Procedure  for  Verifying 
Compliance  with  the  Specified  Quality  Level  (SQL) 
in  PPM. 


(C)  Application  Information 

EIA  Components  Bulletin  No.  CB6-A,  Guide  for 
the  Use  ot  Quartz  Crystal  Units  for  Frequency 
Control,  Oct  1987. 

(d)  EIA-477,  Cultured  Quartz  (Apr.  81) 

EIA-477-1,  Quartz  Crystal  Test  Methods  (May 
1985). 

INTERNATIONAL  ELECTROTECHNICAL 
COMMISSION  (IEC) 

Order  from:  American  Nat'l.  Standard  Inst. 

(ANSI),  1430  Broadway 
New  York,  NY  10018 
(212)  354-3300 

IEC  PUBLICATIONS 

122:  Quartz  crystal  units  for  frequency  control  and 
selection. 

122-1  (1976)  Part  1 :  Standard  values  and  test 
conditions.  Amendment  No.  1  (1983). 

122-2  (1983)  Part  2:  Guide  to  the  use  of  quartz 
crystal 

units  for  frequency  control  and  selection. 

122-3  (1977)  Part  3:  Standard  outlines  and  pin 
connections.  Amendment  No.  1  (1984) 

122-3A  (1979)  First  supplement. 

122-3B  (1980)  Second  supplement. 

1 22-3C  (1981)  Third  supplement. 

283  (1986)  Methods  for  the  measurement  of 

frequency  &  equivalent  resistance  of  unwanted 
resonances  of  filter  crystal  units. 

302  (1969)  Standard  definitions  &  methods  of 

measurment  for  piezoelectric  vibrators  operating 
over  the  frequency  range  up  to  30  MHz. 

314  (1970)  Temperature  control  devices  for  quartz 
crystal  units.  Amendment  No.  1  (1979) 

314A  (1971)  First  supplement. 

368:  Piezoelectric  Filters. 

368-1  (1982)  Part  1:  General  information,  standard 
values  and  test  conditions. 

368A  (1973)  First  supplement.  Amendment  No. 1 
(1977).  Amendment  No.2  (1982). 

368B  (1975)  Second  supplement. 

368-2  Part  2:  Guide  to  the  use  of  piezoelectric  filters. 


368-2-1  (1988)  Section  One-Quartz  crystal  filters 

368-3  (1979)  Part  3:  Standard  outlines. 

368-3A  (1981)  First  supplement. 

444:  Measurement  of  quartz  crystal  unit  parameters 
by  zero  phase  technique  in  a  n-network. 

444-1  (1986)  Part  1:  Basic  method  for  the 

measurement  of  resonance  frequency  and 
resonance  resistance  of  quartz  crystal  units  by 
zero  phase  technique  in  a  ir-network. 

444-2  (1980)  Part  2:  Phase  offset  method  for 

measurement  of  motional  capacitance  of  quartz 
crystal  units. 

444-3  (1986)  Part  3:  Basic  method  for  the 

measurement  of  two-terminal  parameters  of 
quartz  crystal  units  up  to  200  MHz  by  phase 
technique  in  a  n-network  with  compensation  of 
the  parallel  capacitance  Co. 

444-4  (1988)  Part  4:  Method  for  the  measurement  of 
the  load  resonance  frequency  fL,  load 
resonance  resistance  RL  and  the  calculation  of 
other  derived  values  of  quartz  crystal  units,  up 
to  30  MHz. 

483  (1976)  Guide  to  dynamic  measurements  of 
piezoelectric  ceramics  with  high 
electromechanical  coupling. 

642  (1979)  Piezoelectric  ceramic  resonators  and 
resonator  units  for  frequency  control  and 
selection.  Chapter  I:  Standard  values  and 
conditions.  Chapter  II:  Measuring  and  test 
conditions. 

679:  Quartz  crystal  controlled  oscillators. 

679-1  (1980)  Part  1:  General  information,  test 
conditions  &  methods. 

679-2  (1981)  Part  2:  Guide  to  the  use  of  quartz 

crystal  controlled  oscillators.  Amendment  No.  1 
(1985). 

689  (1980)  Measurements  and  test  methods  for  32 
kHz  quartz  crystal  units  for  wrist  watches  and 
standard  values. 

758  (1983)  Synthetic  quartz  crystal.  Chapter  I : 

Specification  for  synthetic  quartz  crystal.  Chapter 
II:  Guide  to  the  use  of  synthetic  quartz  crystal. 
Amendment  No.  1  (1984). 

862:  Surface  acoustic  wave  (SAW)  filters. 

862-1-1  (1985)  Part  1:  General  Information,  test 
conditions  and  methods. 

862-3  (1986)  Part  3:  Standard  outlines. 
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CONSULTATIVE  COMMITTEE  ON  INTERNATIONAL 
RADIO  (CC1R) 


Order  from:  International  Telecommunications  Union 
General  Secretariat  -  Sales  Section 
Place  des  Nations 
CH-1211  Geneva 
SWITZERLAND 

Ask  for  CCIR  1 7th  Plenary 
Assembly,  Volume  VII,  “Standard 
Frequencies  and  Time  Signals 
(Study  Group  7)“,  which  contains  all 
ot  the  following  documents: 


RECOMMENDATION  457-1 

RECOMMENDATION  458-1 

RECOMMENDATION  460-4 

RECOMMENDATION  485-1 

RECOMMENDATION  486-1 


RECOMMENDATION  535-1 
RECOMMENDATION  536 
RECOMMENDATION  538 

REPORT  580-2 

RECOMMENDATION  583 
RECOMMENDATION  685 

RECOMMENDATION  686 


Use  of  the  Modified 
Julian  Date  by  the 
Standard- Frequency  and 
Time-Signal  Sen/ices 

International 
Comparisons  of  Atomic 
Time  Scales 

Standard  Frequency  and 
Time  Signal  Emissions 
[Note:  defines  the  UTC 
system] 

Use  of  Time  Scales  in 
the  Field  of  Standard- 
Frequency  and  Time 
Services 

Reference  of  Precisely 
Controlled  Frequency 
Generators  and 
Emissions  to  the 
International  Atomic 
Time  Scale 

Use  of  the  Term  UTC 

Time  Scale  Notations 

Frequency  and  Phase 
Stability  Measures 

Characterization  of 
Frequency  and  Phase 
Noise 

Time  Codes 

International 
Synchronization  of  UTC 
Time  Scales 

Glossary 
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PROCEEDINGS  ORDERING  INFORMATION 


NO. 

|  YEAR 

|  DOCUMENT  NO.  |  OBTAIN  FROM*  | 

COST 

M1CROFICHK  /  HARDCOPY 

10 

1956 

AD-298322 

NT1S 

S8.00/S53.00 

11 

1957 

AD-298323 

NTIS 

8.00/ 

60.00 

12 

1958 

AD-298324 

NT1S 

8.00/ 

60.00 

13 

1959 

AD-298325 

NTIS 

8.00/ 

67.00 

14 

1960 

AD-246500 

NTIS 

8.00/ 

45.00 

15 

1961 

AD-265455 

NTIS 

8.00/ 

39.00 

16 

1962 

PB- 162343 

NTIS 

8.00/ 

45.00 

17 

1963 

AD-423381 

NTIS 

8.00/ 

60.00 

18 

1964 

AD-450341 

NTIS 

8.00/ 

60.00 

19 

1965 

AD-471229 

NTIS 

8.00/ 

60.00 

20 

1966 

AD-800523 

NTIS 

8.00/ 

60.00 

21 

1967 

AD-659792 

NTIS 

8.00/ 

53.00 

22 

1968 

AD- 8449 11 

NTIS 

8.00/ 

60.00 

23 

1969 

AD-746209 

NTIS 

8.00/ 

39.00 

24 

1970 

AD-746210 

NTIS 

8.00/ 

39.00 

25 

1971 

AD-746211 

NTIS 

8.00/ 

39.00 

26 

1972 

AD-771043 

NTIS 

8.00/ 

39.00 

27 

1973 

AD-771042 

NTIS 

8.00/ 

45.00 

28 

1974 

AD-A011113 

NTIS 

8.00/ 

45.00 

29 

1975 

AD-A017466 

NTIS 

8.00/ 

45.00 

30 

1976 

AD-A046089 

NTIS 

8.00/ 

53.00 

31 

1977 

AD-A088221 

NTIS 

8.00/ 

60.00 

32 

1978 

AD-A955718 

NTIS 

8.00/ 

53.00 

33 

1979 

AD- A2 13544 

NTIS 

8.00/ 

67.00 

34 

1980 

AD-A2 13670 

NTIS 

8.00/ 

53.00 

35 

1981 

AD-A1 10870 

NTIS 

8.00/ 

67.00 

36 

1982 

AD- A 1308 11 

NTIS 

8.00/ 

53.00 

37 

1983 

AD-A 136673 

NTIS 

8.00/ 

53.00 

38 

1984 

AD-A217381 

NTIS 

8.00/ 

39.00 

39 

1985 

AD-A2 17404 

NTIS 

8.00/ 

53.00 

40 

1986 

86CH  2330-9 

IEEE 

70.00/ 

70.00 

41 

1987 

AD-A216858 

NTIS 

8.00/ 

53.00 

42 

1988 

AD-A217275 

NTIS 

8.00/ 

53.00 

43 

1989 

89CH2690-6 

IEEE 

68.00/ 

68.00 

44 

1990 

90CH2818-3 

IEEE 

TBD 

*NTIS  -  National  Technical  Information  Service  *IEEE  -  Inst,  of  Electrical  &  Electronics 
5285  Port  Royal  Road,  Sills  Building  Engineers 

Springfield,  VA  22161  445  Hoes  Lane 

Tel:  703-487-4650  Piscataway,  NJ  08854 

Tel:  800-678-4333  or  201-981-0060 

An  index  to  all  the  papers  in  the  Proceedings  from  1956  to  1989,  an  author  index,  and 
other  Symposium  information  are  available  as  ASCII  files  on  a  5  1/4"  (13  cm)  MS-DOS  format 
floppy  disk,  for  $5-,  from  Synergistic  Management,  Inc.,  3100  Route  138,  Wall  Township,  NJ 
07719. 
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